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ABSTPACT 
The t h e s i s i n v e s t i g a t e s the s o l u t e c o n c e n t r a t i o n ot v-ater samples 
c o l l e c t e d at vari o u s p o i n t s along the h y d r o l o g i c a l path^way from the 
atmosphere to the stream. Adoption of the pathway approach f a c i l i t a t e d 
study of the e f f e c t s of v e g e t a t i o n and g r a n i t e weathering on the s o l u t e 
chemi s t r y . 
The experiment v/as conducted i n a small (4.75 km^) drainage basin 
on Dartmoor and the experimental design was based on three h i 11 slope 
transects through d i f f e r e n t v e g e t a t i o n types, namely a c i d grassland, 
a^d grassland invaded by bracken and s i t k a spruce f o r e s t . Water samples 
of p r e c i p i t a t i o n , t h r o u g h f a l l , l i t t e r f l o w , i n t e r f l o w , springs and the 
stream were c o l l e c t e d r e g u l a r l y and analysed. From t h i s the s o l u t e 
chemistry at each m o n i t o r i n g p o i n t was c h a r a c t e r i s e d . S p a t i a l d i f f e r e n c e s 
at p o i n t s w i t h i n each tr a n s e c t ^vvere due to t h e i r discharge and p o s i t i o n 
on the slope; those bet'veen t r a n s e c t s were the r e s u l t of v e g e t a t i o n 
d i f f e r e n c e s . Temporal v a r i a t i o n s i n s o l u t e c o n c e n t r a t i o n were examined 
and r e l a t e d to sources of the chemicals, hydrometeorological c o n d i t i o n s , 
season and catchment c h a r a c t e r i s t i c s . P r i n c i p a l components a n a l y s i s 
'vas employed to summarize s o l u t e v a r i a t i o n s of the major f l o w p o i n t s 
through time. 
P r e c i p i t a t i o n was d i l u t e , weakly a c i d i c and dominated by sodiun 
and c h l o r i d e d e r i v e d from marine sources. Veg e t a t i o n type exerted a 
major i n f l u e n c e on the incidence of l i t t e r f l o w and i n t e r f l o w as w e l l 
as on the so l u t e chemistry, concentrations being gr e a t e s t i n the f o r e s t 
and least i n the grassland. This e f f e c t was also recorded at the s p r i n g s . 
In a d d i t i o n , the s o l u t e chemistry of the stream was a f f e c t e d by the 
f o r e s t , i n p a r t i c u l a r by aerosol entrapment. Sodium and c h l o r i d e s t i l l 
dominated the chemical composition but s i l i c a , d e r i v e d from g r a n i t e 
weathering, was als o important. 
A geocheraical balance v/as c a l c u l a t e d from the atmospheric in p u t s 
and losses i n the stream; the mineral sources and t h e i r a l t e r a t i o n 
products were i n v e s t i g a t e d . I'he chemical denudation r a t e f o r the ca t c h -
ment -A-as computed and weathering was found t o be s t i l l a c t i v e and h i g h l y 
l o c a l i s e d . Tlie i m p l i c a t i o n s of t h i s , r e s u l t f o r g r a n i t e landforms i s 
discussed. 
Front i spiece; The Narrator catchment, viewed from Combshead 
Tor, looking south west to the study area, the h i l l s i d e on 
which the vegetation-slope transect was l a i d out. 
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CHAPTER 1 
INTTRODUCTION .AND AIMS 
1.1. I n t r o d u c t i o n 
A m a j o r theme of g e o g r a p h i c a l s t u d y i s the s p a t i a l and t e n p o r a l 
v a r i a b i l i t y o f r i v e r w a t e r q u a l i t y { D o u g l a s . 1972; P i t t y . 1979). The 
s u b j e c t embraces h y d r o l o g i c a l , g e o m o r p h o l o g i c a l and b i o g e o g r a p h i c a l p r o -
cesses and t h e i r change t h r o u g h t i m e . A c c o r d i n g t o Gregory and W a l l i n g 
( 1 9 7 3 ) . r i v e r s a r e w o r t h y o f g e o g r a p h i c a l s t u d y f o r t h r e e reasons: f i r s t l y 
because o f t h e i r e x i s t e n c e i n the p h y s i c a l landscape and t h e i r r e l a t i o n s h i p 
w i t h f l u v i a l l a n d f o r m s , s e c o n d l y because o f t h e i r i n d i r e c t i m p o r t a n c e 
i n many g e o m o r p h o l o g i c a l processes and t h i r d l y because of t h e i r v a l u e 
as a r e s o u r c e . Study of r i v e r s may f a c i l i t a t e i n v e s t i g a t i o n o f process e s 
o p e r a t i n g i n the landscape and v i c e v e r s a . 
The c h e m i s t r y o f r i v e r w a t e r can o n l y be i n t e r p r e t e d w i t h r e f e r e n c e 
t o pathways t a k e n by r a i n w a t e r f r o m t he atmosphere t o the r i v e r . A 
f i e l d e x p e r i m e n t was f o r m u l a t e d t o m o n i t o r t he s o l u t e c o n c e n t r a t i o n s 
a t a s e r i e s o f p o i n t s a l o n g t he h y d r o l o g i c a l pathway and t o account f o r 
t h e i r v a r i a b i l i t y t h r o u g h .time and space. T h i s approach f a c i l i t a t e d 
the e v a l u a t i o n o f p r i n c i p a l c o n t r o l s on s o l u t e s i n n a t u r a l w a t e r s by 
i d e n t i f y i n g those p o i n t s a l o n g t he pathways where s i g n i f i c a n t changes 
were o c c u r r i n g and r e l a t i n g them t o e n v i r o n m e n t a l c h a r a c t e r i s t i c s w h i c h 
e x i s t e d a t such p o i n t s . 
1.1.1. H y d r o l o g i c a l pathways ( F i g u r e 1.1) 
The r a t i o n a l e o f s t u d y i n g f l o w p a t h s was o u t l i n e d by S k a k a l s k i y 
( 1 9 6 6 ) , who proposed t h a t w a t e r a c q u i r e s i t s c h e m i c a l c o m p o s i t i o n f r o m 
i t s manner of f l o w e i t h e r a c r o s s or t h r o u g h the s o i l , o r fr o m g r o u n d w a t e r . 
T r u e s d a l e (1973) a l s o showed the i m p o r t a n c e o f s t u d y i n g f l o w p a t h s 
t h r o u g h v e g e t a t i o n , s o i l and r o c k h o r i z o n s i n source a r e a s and comiiented 
on the l a c k of d i r e c t i n v e s t i g a t i o n s o f the f a c t o r s c o n t r o l l i n g t he 
n a t u r a l c o n ^ o s i t i o n of r i v e r s . 
N a t u r a l w a t e r s a c q u i r e t h e i r c h e m i c a l c h a r a c t e r i s t i c s by d i s s o l u t i o n 
and c h e m i c a l r e a c t i o n s w i t h s o l i d s , l i q u i d s and gases w i t h w h i c h 
t h e y have come i n t o c o n t a c t d u r i n g the passage o f w a t e r a l o n g h y d r o l o g i c a l 
pathways (Stuinn and Morgan, 1970). The s o l u t e c h e m i s t r y a t a p o i n t i n 
the h y d r o l o g i c a l system depends on the p r e v a i l i n g and a n t e c e d e n t w e a t h e r , 
and o n the c h a r a c t e r i s t i c s of the e n v i r o n m e n t t h r o u g h w h i c h i t 
has passed. I n o r d e r t o m o n i t o r the v a r i a b i l i t y o f s o l u t e c o n c e n t r a t i o n s 
a l o n g h y d r o l o g i c a l pathways, the i n i t i a l f o c u s o f the s t u d y was on t h e 
atmosphere ( F i g u r e 1.1). Gorham ( 1 9 6 1 ) , F i s h e r et_ a_l_ ( 1968), C r y e r ( 1976) 
and Reid et_ al_ ( 1982 ) have a l l shown the g r e a t c o n t r i b u t i o n o f a t m o s p h e r i c 
sources t o s t r e a m c h e m i s t r y and the need t o e s t a b l i s h the degree t o 
w h i c h s o l u t e s a r e p r e s e n t i n d r y or wet f a l l o u t . S econdly, a t t e n t i o n 
was f o c u s s e d on t h r o u g h f a l l and s t e m f l o w ( F i g u r e 1.1). Water i s con-
s i d e r a b l y m o d i f i e d i n terms o f q u a n t i t y and q u a l i t y as i t passes t h r o u g h 
a v e g e t a t i o n canopy ( F o r d and Deans, 1978). The presence of v e g e t a t i o n 
i s p a r t i c u l a r l y i m p o r t a n t because o f the i n t e r a c t i o n o f the n u t r i e n t 
c y c l e and the h y d r o l o g i c a l c y c l e (Bormann and L i k e n s , 1967). Those 
elements d e r i v e d f r o m w i t h i n the catchment area as p a r t o f the b i o l o g i c a l 
c y c l i n g p r o c e s s must be d i f f e r e n t i a t e d f r o m those a t m o s p h e r i c s a l t s 
t r a p p e d by the presence of v e g e t a t i o n ( E r i k s s o n , 1960). When w a t e r 
reaches the ground s u r f a c e , some i s r e t u r n e d t o the atmosphere t h r o u g h 
e v a p o r a t i o n o r t r a n s p i r a t i o n , a l t h o u g h the d i s s o l v e d s a l t s remain f o r 
l a t e r t r a n s p o r t a t i o n . Some w a t e r a l s o passes l a t e r a l l y a c r o s s the l i t t e r 
l a y e r , w h i l s t t he remainder passes t h r o u g h the s o i l t o become i n t e r f l o w . 
I n t h i s s t u d y , w a t e r samples were c o l l e c t e d f r o m b o t h the l i t t e r l a y e r 
and f r o m i n t e r f l o w and s o i l w a t e r , r e p r e s e n t i n g the t h i r d and f o u r t h 
m o n i t o r i n g p o i n t s o f the h y d r o l o g i c a l pathway ( F i g u r e 1.1). P a r t of 
the w a t e r f r o m the s o i l zone s u p p l i e s the s p r i n g r i s i n g s , the f i f t h 
m o n i t o r i n g p o i n t , and p a r t r e c h a r g e s the groundwater body w h i c h f l o w s 
t o the s t r e a m , the f i n a l p o i n t I n the pathway ( F i g u r e 1.1). 
Pathways i n o p e r a t i o n may change w i t h the p r e v a i l i n g w e a t h e r c o n d i t i o n s 
CXjring d r y w e a t h e r , one set o f pathways may be used, w i t h the f l o w g r a d u a l l y 
d e c r e a s i n g over t i m e , w h i l s t i n wet w e a t h e r a d d i t i o n a l pathways come 
i n t o o p e r a t i o n . I f a p a r t i c u l a r c h e m i c a l s p e c i e s can be e s t a b l i s h e d 
t o r e p r e s e n t a p o i n t a l o n g the h y d r o l o g i c a l pathway, f o r example c h l o r i d e 
f o r t he atmosphere o r s i l i c a f o r i n t e r f l o w , the v a r i a t i o n i n s t r e a m f l o w 
may be l i n k e d t o a p a r t i c u l a r e n v i r o n m e n t a l p r o c e s s . T h i s assumes t h a t 
the v a r i o u s component p o i n t s are d i s t i n c t enough h y d r o l o g i c a l l y and 
c h e m i c a l l y t o i n i t i a t e change i n the s o l u t e c o n c e n t r a t i o n of the s t r e a m . 
1,1.2. Scale 
The aims of an e x p e r i m e n t d e t e r m i n e the s c a l e o f the i n v e s t i g a t i o n . 
Scale can be m a n i p u l a t e d t o i s o l a t e the v a r i o u s f a c t o r s i m p o r t a n t i n 
s o l u t e c h e m i s t r y . S t u d i e s range i n s c a l e f r o m p o i n t i n v e s t i g a t i o n s 
of s o i l w a t e r and s o i l w e a t h e r i n g ( S m i t h and Dunne, 1977) t o c o n s i d e r a t i o n s 
of r i v e r w a t e r q u a l i t y a t a w o r l d s c a l e ( D o u g l a s . 1972). 
D e t a i l e d s t u d i e s on w a t e r c h e m i s t r y have been c o n d u c t e d a t the 
s m a l l s c a l e , i n catchments w i t h n e a r l y u n i f o r m g e o l o g y and v e g e t a t i o n , 
t o examine s o l u t e sources and f o r m u l a t e a geochemical b a l a n c e ( T a b l e 1.1). 
S o l u t e c h e m i s t r y of a s t r e a m r e f l e c t s b o t h t h e s o l u t e sources and p r o d u c -
t i o n mechanisms w i t h i n the catchment. V a r i o u s e x p e r i m e n t s have c o n s i d e r e d 
c h e m i c a l changes t a k i n g p l a c e w i t h i n subcatchments or e x p e r i m e n t a l p l o t s , 
the s m a l l e r the p l o t , the more d e t a i l e d the l e v e l of i n v e s t i g a t i o n w h i c h 
i s p o s s i b l e , ( e . g . F o s t e r , 1977; Waylen, 1979). T r u e s d a l e ( 1973 ) recorrmends 
T a b l e 1.1. D e t a i l e d catchment e x p e r i m e n t s , s i z e o f a r e a of s t u d y and 
purpose of i n v e s t i g a t i o n 
Source S i z e Purpose 
C r i s p (1966) 83 ha H y d r o l o g i c a l and geochemical b a l a n c e . 
Importance o f a n i m a l l o s s e s and peat 
e r o s i o n . 
Cleaves et_ a l _ (1970) 36 ha Geochemical b a l a n c e and s o l u t e 
w e a t h e r i n g model. 
L i k e n s et_ a l _ (1977) 12-43 ha B i o g e o c h e m i s t r y and development o f 
an ecosystem model . 
F o s t e r (1977) 1.6 km^ R e l a t i o n s h i p between w a t e r c h e m i s t r y , 
h y d r o m e t e o r o l o g i c a l c o n d i t i o n s and 
c a t c h n ^ n t c h a r a c t e r i s t i c s , 
C r y e r (1978) 54 ha The i m p o r t a n c e o f a t m o s p h e r i c 
c o n t r i b u t i o n s t o s t r e a m c h e m i s t r y . 
Waylen (1979) 18 ha Geochemical b a l a n c e and w e a t h e r i n g 
model 
V e r s t r a t e n (1980) 17 ha S p r i n g and r i v e r w a t e r c h e m i s t r y and 
t h e e f f e c t o f w e a t h e r i n g processes 
Reid e l a i (1982) 41 km^ Geochemical b a l a n c e and assessment 
o f w e a t h e r i n g r a t e s 
t h a t h y d r o l o g i c a l pathway e x p e r i m e n t s s h o u l d be c o n d u c t e d i n c a t c h m e n t s 
o f l e s s t h a n 1 ha. 
I n c o n t r a s t , o t h e r e x p e r i m e n t s have examined t h e s p a t i a l v a r i a t i o n s 
i n r i v e r w a t e r q u a l i t y a t a r e g i o n a l and c o n t i n e n t a l s c a l e where the 
f i n e d e t a i l o f a t m o s p h e r i c i n p u t s and w e a t h e r i n g can no l o n g e r be d e t e r -
mined. I n s t e a d , a t the r e g i o n a l s c a l e , f a c t o r s such as l i t h o l o g y , l a n d 
use and p o p u l a t i o n become i n p o r t a n t ( V / a l l i n g and Webb, 1975, catchment 
s i z e 1462 km^; Oborne et_ a j _ , 1980, catchment s i z e 4183 km^). Douglas 
(1964; 1972) has shown t h a t a t the c o n t i n e n t a l s c a l e c l i m a t e and g e o l o g y 
a r e t he most i m p o r t a n t . Hence, as t h e s c a l e changes b o t h t he f a c t o r s 
w h i c h a r e i m p o r t a n t and t h e l e v e l o f g e n e r a l i s a t i o n v a r y . 
T h i s p r e s e n t s t u d y was c o n d u c t e d w i t h i n a s m a l l catchment (4.75 l<ra^ ) 
a t t h e h i l l s l o p e l e v e l . F o l l o w i n g Feiblemann ( 1 9 5 4 ) , t h e s a t i s f a c t o r y 
u n d e r s t a n d i n g o f any o r g a n i s a t i o n r e q u i r e s a t t e n t i o n t o t h e l e v e l s above 
and below. I n the case o f the h i l l s l o p e , t h e p o i n t san5>le i s a t t h e 
l o w e s t l e v e l o f s t u d y , w h i l s t t he h i g h e s t l e v e l , t h e ca t c h m e n t , i n t e g r a t e s 
t h e h y d r o c h e m i c a l components o f many h i l l s l o p e systems ( F i g u r e 1.2). 
There a r e thus t h r e e l e v e l s o f c o n p l e x i t y ( F i g u r e 1 .2): 
1. P o i n t l e v e l sample - h y d r o c h e m i c a l c h a r a c t e r i s t i c s , d i s c h a r g e 
volume and s o l u t e c h e m i s t r y a t t h e i n d i v i d u a l l e a f , s o i l 
h o r i z o n o r s p r i n g . 
2. H i l l s l o p e l e v e l - the i n t e g r a t i o n o f the h y d r o c h e m i c a l 
c h a r a c t e r i s t i c s o f p o i n t samples w i t h i n t h e h i l l s l o p e . 
3. Catchment l e v e l - i n t e g r a t e s t h e h y d r o c h e m i c a l c h a r a c t e r i s t i c s 
o f t h e v a r i o u s h i l l s l o p e systems i n t h e r i v e r . 
The manner i n w h i c h these l e v e l s were i n c o r p o r a t e d w i t h i n t h e r e s e a r c h 
s t r a t e g y i s d e s c r i b e d i n more d e t a i l i n Chapter 3, 
1.1.3. • Locat i o n 
The i n v e s t i g a t i o n was c o n d u c t e d i n the N a r r a t o r Catchment on t h e 
south-west m a r g i n o f Dartmoor. The catchment i s r e p r e s e n t a t i v e o f much 
o f Dartmoor and i s g e o l o g i c a l l y homogeneous, b e i n g u n d e r l a i n e n t i r e l y 
by g r a n i t e , and i s d e s c r i b e d more c o m p r e h e n s i v e l y i n Ch a p t e r 2, w i t h an 
e x a m i n a t i o n o f t h e s o i l s and p l a n t c o r m i u n i t i e s l o c a t e d t h e r e . Three 
c o i n n u n i t y t y p e s , s i t k a spruce f o r e s t , a c i d g r a s s l a n d and a c i d g r a s s l a n d 
e x t e n s i v e l y i n v a d e d by b r a c k e n , formed t h e b a s i s o f t h e v a r i o u s h i l l s l o p e 
t r a n s e c t s d e l i n e a t e d i n the r e s e a r c h d e s i g n (Chapter 3 ) . I n v e s t i g a t i o n 
o f t he s p a t i a l d i f f e r e n c e s i n h y d r o c h e m i c a l c h a r a c t e r i s t i c s between t h e 
t r a n s e c t s gave a d i s t i n c t i v e g e o g r a p h i c a l q u a l i t y t o t h e s t u d y . 
1.1.4. Time 
The s t u d y was c o n d u c t e d over t h e f i f t e e n month p e r i o d f r o m J a n u a r y 
1977 t o March 1978. T h i s l e n g t h o f o b s e r v a t i o n was n e c e s s a r y i n o r d e r 
t o i n v e s t i g a t e t h e changes i n d i s c h a r g e and w a t e r q u a l i t y due t o s e asonal 
i n f l u e n c e s . Most o f t h e r e s u l t s i n t h i s t h e s i s r e f e r t o a t w e l v e month 
p e r i o d f r o m 1 4 t h F e b r u a r y , 1977 t o 1 3 t h F e b r u a r y , 1978. The d u r a t i o n 
o f t h e v a r i o u s e x p e r i m e n t s i s g i v e n i n more d e t a i l i n Chapter 3. 
1.2. Aims 
1.2.1. H y d r o l o g i c a l pathway and s o l u t e c h e m i s t r y 
The p r i m a r y a i m o f t h i s t h e s i s i s t o measure t h e s o l u t e c o n c e n t r a t i o n s 
a t v a r i o u s p o i n t s a l o n g t h e h y d r o l o g i c a l pathway f r o m t h e atmosphere 
t o the s t r e a m and, where p o s s i b l e , t o e v a l u a t e t h e p r i n c i p a l c o n t r o l s 
on w a t e r c h e m i s t r y . Water samples f r o m t h e f o l l o w i n g p o i n t s were s e l e c t e d 
f o r a n a l y s i s : p r e c i p i t a t i o n , t h r o u g h f a l l , l i t t e r f l o w , i n t e r f l o w and 
s o i l w a t e r , s p r i n g s and t h e r i v e r ( F i g u r e 1.1). Such a u n i f i e d a p proach 
t o w a t e r q u a l i t y i s i m p l i c i t i n r e v i e w s by Goudie (1970) and Douglas 
( 1 9 7 2 ) . 
There have been a number o f s t u d i e s i n v a r i o u s d i s c i p l i n e s d e s c r i b i n g 
w a t e r q u a l i t y a t one o r two p o i n t s o f t h e h y d r o l o g i c a l pathway. For 
example, m e t e o r o l o g i s t s have been concerned w i t h t h e o r i g i n and n a t u r e 
o f c h e m i c a l s p e c i e s i n p r e c i p i t a t i o n ( E r i k s s o n , 1960; Stevenson, 1968; 
D o u g a l l , 1973). B o t a n i s t s and f o r e s t e r s have s t u d i e d the change i n 
n u t r i e n t i o n s i n t h r o u g h f a l l ( L e y t o n et_ a l _ , 1967; Henderson et_ a l _ , 1977 ) , 
and g e o l o g i s t s and g e o chemists have used w a t e r a n a l y s e s t o i n v e s t i g a t e 
t h e w e a t h e r i n g o f m i n e r a l s ( C a r r e l s and C h r i s t , 1965; B r i c k e r e ^ a l _ , 1968; 
G a r r e l s and Mackenzie. 1971; V e r s t r a t e n , 1980). H y d r o l o g i s t s and e c o l o -
g i s t s have been concerned w i t h s o l u t e loads i n r i v e r s p a r t i c u l a r l y t h e 
e f f e c t s o f w a t e r p o l l u t i o n (Edwards, 1973; L i k e n s et_ a l _ . 1977; Gcwer, 1980 ) . 
F i n a l l y , g e o m o r p h o l o g i s t s have been i n t e r e s t e d i n s o l u t e leads f r o m 
the p e r s p e c t i v e of d e n u d a t i o n processes and the e v o l u t i o n of l a n d f o r m s 
(Cleaves et_ a l _ , 1970; Waylen. 1979). 
These d i v e r s e approaches a r e i n t e g r a t e d by the concept of the 
h y d r o l o g i c a l c y c l e : w a t e r moves f r o m t h e atmosphere as p r e c i p i t a t i o n 
t o f l o w t h r o u g h the s o i l and emerge a t s p r i n g s and the s t r e a m . I n t h i s 
s t u d y , the i n v e s t i g a t i o n of w a t e r pathways o f f e r s a u n i f y i n g concept 
i n the s t u d y of w a t e r q u a l i t y i n the N a r r a t o r c a t c h m e n t . No p r e v i o u s 
a t t e m p t s have been made t o a n a l y s e the c h e m i c a l c h a r a c t e r i s t i c s o f w a t e r 
a l o n g a s p a t i a l sequence o f p o i n t s w i t h i n one catchment. The o n l y e x c e p t i o n 
i s the work o f Cleaves e_t_ a_l_ ( 1970), but t h i s was not c o n d u c t e d on a 
r e g u l a r or s y s t e m a t i c b a s i s . S y s t e m a t i c c h e m i c a l a n a l y s i s of w a t e r 
samples a l o n g the h y d r o l o g i c a l pathway i s t h e key element i n t h i s p r e s e n t 
s t u d y . B e f o r e the sources o f i o n s and r u n o f f p r o c e s s e s a r e d i s c u s s e d 
( S e c t i o n 1.3), the o t h e r aims o f the p r o j e c t w i l l be i n t r o d u c e d . 
1.2.2. I n f l u e n c e o f v e g e t a t i o n 
The second a i m of t h i s s t u d y was t o examine t h e i n f l u e n c e o f v e g e t a -
t i o n on the s o l u t e c h e m i s t r y of the h y d r o l o g i c a l pathways. T h i s was 
f a c i l i t a t e d by the e x p e r i m e n t a l d e s i g n i n w h i c h t h r e e h i l l s l o p e t r a n s e c t s 
were i n s t r u m e n t e d t h r o u g h g r a s s l a n d , b r a c k e n and f o r e s t c o r n n u n i t i e s 
(Chapter 3 ) . 
N u t r i e n t c y c l e s a r e p a r t o f the f u n c t i o n i n g of ecosystems and t h e y 
i n t e r a c t i n a complex manner w i t h the h y d r o l o g i c a l c y c l e . V e g e t a t i o n 
may a f f e c t s o l u t e c h e m i s t r y i n a number of ways: 
1. P r e c i p i t a t i o n can l e a c h elements f r o m l e a v e s and t w i g s 
(Tukey a l _ , 1965). 
2. D e c o m p o s i t i o n o f l e a f l i t t e r r e l e a s e s m i n e r a l n u t r i e n t s 
( R i c h a r d s , 1974). 
3. A e r o s o l entrapment by v e g e t a t i o n can add f u r t h e r amounts o f 
s o l u t e s t o the catchment ( E r i k s s o n , 1955; 1960). The a e r o s o l s 
a r e d e p o s i t e d m a i n l y by i m p a c t i o n , the amount depending on 
the c o n c e n t r a t i o n i n the atmosphere and the e f f i c i e n c y o f e n t r a p ' 
ment by the v e g e t a t i o n . 
4. Water l o s t by e v a p o - t r a n s p i r a t i o n leads t o an i n c r e a s e i n 
s o l u t e c o n c e n t r a t i o n ( F o s t e r , 1979). 
5. W e a t h e r i n g p r o c e s s e s may be a c c e l e r a t e d ( S c h n i t z e r and Kahn, 
1972; S c h n i t z e r and ?Codama. 1977 ) . 
The i n f l u e n c e of v e g e t a t i o n on the w e a t h e r i n g o f s o i l m i n e r a l s 
i s c o n s i d e r a b l e . V e g e t a t i o n may a c t d i r e c t l y by r o o t f u n c t i o n i n g such 
as n u t r i e n t u p t a k e , o r i n d i r e c t l y by the p r o v i s i o n o f l e a f l i t t e r . 
E^ots a r e i n s t r u m e n t a l i n the w e a t h e r i n g of m i n e r a l s because t h e y 
take up c a t i o n s i n exchange f o r hydrogen i o n s ( W i k l a n d e r , 1964). I n 
a d d i t i o n , t h e y produce exudates w h i c h n o u r i s h s o i l m i c r o - o r g a n i s m s and 
a c t as agents i n a t t a c k i n g s o i l m i n e r a l s by the p r o d u c t i o n of o r g a n i c 
a c i d s . Etoots may a l s o t a k e up n u t r i e n t s f r o m s o i l m i n e r a l s d i r e c t l y . 
B oyle and V o i g t (1973) r e p o r t t h a t r o o t systems o f p i n e s e e d l i n g s were 
a b l e t o e x t r a c t p o t a s s i u m d i r e c t l y f r o m b i o t i t e . 
Leaf l i t t e r d e c o m p o s i t i o n by s o i l fauna r e l e a s e s c a r b o n d i o x i d e 
i n the s o i l ( S u r g e s , 1958; R i c h a r d s , 1974) as does the r e s p i r a t i o n o f 
r o o t s , t h e r e b y i n c r e a s i n g i t s c o n c e n t r a t i o n . Carbon d i o x i d e i s t h e n 
d i s s o l v e d i n w a t e r t o f o r m c a r b o n i c a c i d w h i c h p r o v i d e s a f u r t h e r s o urce 
o f hydrogen i o n s f o r w e a t h e r i n g . Hydrogen i o n s p e n e t r a t e the l a t t i c e 
of s o i l m i n e r a l s and d i s p l a c e m e t a l i o n s such as p o t a s s i u m and c a l c i u m 
( F r e d e r i c k s o n . 1951). As the bonds become weakened s i l i c a t e g r o u p s , 
such as s i l i c o n and a l u m i n i u m , a l s o pass i n t o s o l u t i o n . 
Decomposing l e a f l i t t e r a l s o a c t s as a source o f o r g a n i c a c i d s 
and c h e l a t e s . These o r g a n i c a c i d s have been shown t o be a p p r o x i m a t e l y 
te n t imes as p o w e r f u l as c a r b o n i c a c i d i n c a r b o n a t e w e a t h e r i n g ( S c h o e l l e r . 
1962 c i t e d by Douglas. 1972). C h e l a t e s a r e i n v o l v e d i n a process s u b s t a n -
t i a l l y d i f f e r e n t f r o m d i s s o l u t i o n and a c t by c o m b i n i n g the o r g a n i c 
compound w i t h a m e t a l c a t i o n , the m e t a l e n t e r i n g the c h e m i c a l s t r u c t u r e 
of the compound. They are p a r t i c u l a r l y e f f e c t i v e a t m o b i l i s i n g c o n s i d e r a b l e 
amounts o f m e t a l s , e s p e c i a l l y i r o n and a l u m i n i u m . L a b o r a t o r y e x p e r i m e n t s 
by Acquaye and T i n s l e y (1965) and Kerpen and Scharpenseel (1967) have 
shown t h a t the presence o f humus enhances the s o l u b i l i t y o f s i l i c a . 
As a r e s u l t o f these v a r i o u s p r o c e s s e s , w e a t h e r i n g r a t e s w i l l v a r y 
a c c o r d i n g t o the t y p e of v e g e t a t i o n and the n a t u r e of the decomposing 
l e a f l i t t e r . T h i s i n t u r n w i l l a f f e c t the element l o s s f r o m the n a r i o u s 
n u t r i e n t c y c l e s , w h i c h w i l l u l t i m a t e l y i n f l u e n c e the c h e m i s t r y o f the 
s t r e a m . The i m p o r t a n c e of v e g e t a t i o n i n d e t e r m i n i n g the c h e m i c a l compo-
s i t i o n o f r i v e r s has r a r e l y been i n v e s t i g a t e d and t h e r e f o r e has p o s s i b l y 
been u n d e r e s t i m a t e d . Two e x c e p t i o n s a r e the papers by Marchand ( 1 9 7 1 , 
c i t e d by Douglas. 1972) and Swank and Henderson ( 1 9 7 6 ) . The f i r s t f o u n d 
t h a t l o c a l v e g e t a t i o n changes were i n p o r t a n t i n c o n t r o l l i n g the pH of 
groundwater and hence s t r e a m q u a l i t y . The second a s s e r t e d t h a t the 
d i s t r i b u t i o n o f t r e e s p e c i e s w i t h i n catchments o f s i m i l a r l i t h o l o g y 
e x p l a i n e d v a r i a t i o n s i n s t r e a m c h e m i s t r y . 
1.2.3. E^te o f g r a n i t e w e a t h e r i n g 
The t h i r d a i m of the s t u d y was t o assess the r a t e o f c o n t e m p o r a r y 
chemi c a l w e a t h e r i n g i n the N a r r a t o r c a t c h m e n t . Dartmoor. The g r a n i t e 
m a s s i f of Dartmoor i s the most pro m i n e n t m o r p h o l o g i c a l f e a t u r e i n the 
landscape i n south-west England, and as suchlas been the focus of a 
number of georaorphological s t u d i e s . Several i n v e s t i g a t i o n s have attempted 
to analyse the p l a n a t i o n surfaces which survive on many pa r t s of the 
Moor (Brunsden, 1963; Brunsden e^ al_ 1964; Orme, 1964). Other studies 
have concentrated on the weathering of the g r a n i t e as a p r e l i m i n a r y 
step i n understanding how t o r s were formed. Three processes have been 
suggested as being important i n the a t t a c k of g r a n i t e : 
1. Chemical weathering ( L i n t o n , 19:SS; Waters, 1957; Eden and 
Green, 1971). 
2. Physical weathering - f r o s t a c t i o n (Te Punga. 1957; Palmer 
and N e i l son, 1962). 
3. Pneumatolysis - c i r c u l a t i o n of hot f l u i d s from depth (Palmer 
and N e i l s o n , 1962). 
Many of the previous weathering studies on Dartmoor have r e l i e d 
on the examination of landforms ( L i n t o n 1955), observation on the g r a n i t e 
r e g o l i t h (Waters 1957; Brunsden 1964) and l a b o r a t o r y a n a l y s i s of the 
weathering products (Exley and Stone, 1964; Eden and Green, 1971; 
Doornkamp, 1974). The i m p l i c i t assumption i n many of these studies 
i s that contemporary weathering processes are l a r g e l y i n a c t i v e and t h e r e -
f o r e i r r e l e v a n t i n i n t e r p r e t i n g landforms and deposits on Dartmoor. 
An e v a l u a t i o n of present weathering processes i s e s s e n t i a l to t e s t the 
v a l i d i t y of t h i s assumption and to provide a more complete p i c t u r e of 
current geomorphic processes o c c u r r i n g t h e r e . This present study aims 
to c o n t r i b u t e t o the geomorphological discussions on Dartmoor by estab-
l i s h i n g the r a t e of contemporary chemical weathering and i d e n t i f y i n g 
the c o n t r o l l i n g f a c t o r s . 
Two approaches were adopted; f i r s t l y the c a l c u l a t i o n of a geochemical 
balance and secondly the d e t a i l e d a n a l y s i s of s o i l water and s o i l m i n e r a l s . 
The geochemical balance i s based on the c o n t i n u i t y equation i n which 
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s o l u t e input equals s o l u t e output plus or minus the change i n storage. 
The t h e o r e t i c a l basis i s discussed by Bormann and Likens (1967) and 
Likens et_ aj_ (1977). Inputs and outputs may be m e t e o r o l o g i c a l , g e o l o g i c a l 
and b i o l o g i c a l . Meteorological inputs c o n s i s t of wind borne dust, 
d i s s o l v e d substances i n p r e c i p i t a t i o n , gases and aerosols. Meteorological 
outputs can be disregarded i f wind e r o s i o n i s n e g l i g i b l e . B i o l o g i c a l 
inputs and outputs due to the a d d i t i o n or sale of animals can be ignored 
(Crisp 1966). The uptake by v e g e t a t i o n and subsequent storage i n the 
biomass can be s i g n i f i c a n t i n aggrading woodland (Likens et_ a^ ,, 1977). 
However, mature comnunities and those at equi 1 i b r i u m make meagre demands 
on the n u t r i e n t system so t h a t b i o l o g i c a l inputs and outputs can be 
disregarded. Assuming that there i s no deep seepage, the catchment being 
u n d e r l a i n by impermeable rock, the only output i s g e o l o g i c a l and i s 
transported i n the stream. Therefore by measuring the meteorological 
input and stream output, a q u a n t i t a t i v e geochemical balance and hence 
rates of denudation can be d e r i v e d . 
For the second approach to weathering the enphasis changes from 
the catchment to the p o i n t l e v e l : s o i l water and primary and secondary 
s o i l minerals from one p o i n t i n the p r o f i l e may be analysed to give 
a more complete p i c t u r e of the weathering system. From a knowledge 
of the s o i l m i n e r a l s , the sources and products of solutes released by 
chemical weathering can be e s t a b l i s h e d . Analysis of s o i l water samples 
o f f e r s a u s e f u l technique f o r studying weathering. The change i n the 
chemical c o n p o s i t i o n of i n t e r s t i t i a l water i s extremely r a p i d i n c o n t r a s t 
to the very slow change i n s o i l minerals due to t h e i r low s o l u b i l i t i e s . 
By r e c a l c u l a t i n g the s o i l water concentrations as a c t i v i t i e s , the samples 
can be t e s t e d f o r e q u i l i b r i u m , u n d e r s a t u r a t i o n or o v e r s a t u r a t i o n w i t h 
respect to the minerals located there. S t a b i l i t y diagrams may be used 
fo r t h i s purpose (Chapter 9 ) , and they o f f e r a method f o r determining 
which minerals are s t a b l e and those which are d i s s o l v i n g or forming. 
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1.2.4. Sumnary of aims 
1. To measure the s o l u t e concentrations at various p o i n t s along 
the hydrolog.ical pathway from the atmosphere to the stream. 
This w i l l i d e n t i f y the most chemically a c t i v e l o c a t i o n s c o n t r i b u t i n g 
solutes to the h y d r o l o g i c a l system. The p r i n c i p a l c o n t r o l s on the water 
chemistry may also be evaluated by r e l a t i n g the changes observed to 
environmental v a r i a b l e s . 
2. To examine the i n f l u e n c e of v e g e t a t i o n on the solute chemistry 
at s elected p o i n t s along the h y d r o l o g i c a l pathway. 
Samples of i n t e r f l o w wi 11 be analysed and examined f o r d i f f e r e n c e s 
a t t r i b u t a b l e to v a r i a t i o n s i n v e g e t a t i o n type; water from springs and 
s i t e s along the stream w i l l a lso be examined. 
3. To assess the r a t e of chemical weathering i n the Narrator 
catchment and to form a more complete understanding of 
conteiqsorary processes. 
I n p a r t i c u l a r , t h i s research i s d i r e c t e d at determining whether present 
weathering i s a c t i v e or not. 
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1.2.5. Thesis s t r u c t u r e 
The s t r u c t u r e of the t h e s i s i s presented i n diagraninatic form i n 
Table 1.2. There are four major s e c t i o n s , namely the i n t r o d u c t i o n , 
h y d r o l o g i c a l pathway, weathering and the conclusion. The se c t i o n on 
the h y d r o l o g i c a l pathway i s subdivided f u r t h e r i n t o the above ground 
conponent, the ground component and the stream. 
Table 1.2. S t r u c t u r e and or g a n i s a t i o n of the t h e s i s 
SECTICN Chapter F i e l d of study 
1. IWTRODUCTICN AND AIMS 1 I n t r o d u c t i o n : aims and 
l i t e r a t u r e review 
2 The Narrator catchment : 
d e s c r i p t i o n of experimental 
area 
3 Experimental design : 
methodology and research 
techniques 
2. HYDROLOGICAL PATHWAY 
a, Above ground component 4 P r e c i p i t a t i o n , t h r o u g h f a l 1 
and stemflow 
b. Ground component 5 L i t t e r f l o w 
6 I n t e r f l o w 
7 Springs 
c. Stream 8 Stream 
3, WEATHERING 9 Weathering processes and the 
geochemical balance 
4. CONCLUSION 10 Synthesis and conclusions 
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This i n t r o d u c t i o n sets out the aims of the i n v e s t i g a t i o n and reviews 
the l i t e r a t u r e r e l a t i n g to sources of r u n o f f and solutes i n n a t u r a l 
waters (Chapter 1 ) . W i t h i n the i n t r o d u c t i o n , the experimental area 
i s described, the f a c t o r s a f f e c t i n g the hydrology and weathering are 
d e t a i l e d and the study i s set i n t o the wider context of Dartmoor (Chapter 
2 ) . The methodology and research design are described i n Chapter 3. 
This deals w i t h the components of the study, t h e i r associated l e v e l s 
of i n v e s t i g a t i o n as w e l l as the experimental procedures adopted. 
The s e c t i o n on the h y d r o l o g i c a l pathway i s based on the systems 
approach and deals l o g i c a l l y w i t h each par t of the system from the atmos-
phere to the stream (Figure 1.1). Each chapter presents r e s u l t s f i r s t l y 
on discharge and secondly on chemical q u a l i t y at a s e r i e s of p o i n t s . 
Where a p p r o p r i a t e , the hydrometeorological f a c t o r s a f f e c t i n g discharge 
are discussed. The s e c t i o n on chemical q u a l i t y i s ordered as f o l l o w s : 
1. S p a t i a l v a r i a t i o n between and w i t h i n the v e g e t a t i o n t r a n s e c t s . 
2. Temporal v a r i a t i o n of ions. 
3. I n f l u e n c e of hydrochemical and hydrometeorological f a c t o r s . 
4. P r i n c i p a l components a n a l y s i s to group the data i n order to 
i d e n t i f y important v a r i a b l e s and h i g h l i g h t f a c t o r s a f f e c t i n g 
them. 
The s e c t i o n on weathering (Chapter 9) presents the h y d r o l o g i c a l 
budget and the geochemical balance; p o s s i b l e e r r o r s i n the c a l c u l a t i o n s 
are also discussed. Denudation r a t e s are computed and compared w i t h 
other l o c a t i o n s . The f i n a l chapter (Chapter 10) presents a synthesis 
of the main f i n d i n g s of the i n v e s t i g a t i o n together w i t h wider i m p l i c a t i o n s 
of the r e s u l t s . 
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i . 3 . Hydrological pathway and r e l a t e d s o l u t e chemistry 
This s e c t i o n reviews the s t a t e of knowledge w i t h regard to solutes 
moving along the h y d r o l o g i c a l pathway from the atmosphere to the stream, 
focussing on the p o i n t s i d e n t i f i e d as being of i n t e r e s t (Figure 1.1). 
The sources of ions i n p r e c i p i t a t i o n are examined f i r s t , f o l l o w ed by 
a discussion of the changes i n chemistry as water passes through the 
ve g e t a t i o n canopy and percolates through the s o i l . Before the s o l u t e 
chemistry of the stream i s discussed, the concepts of supply sources 
w i l l be reviewed. This i s included because stream f l o w can be regarded 
as the i n t e r a c t i o n and i n t e g r a t i o n of r u n o f f production processes w i t h 
the s p a t i a l d i s t r i b u t i o n of solute sources w i t h i n the catchment. V a r i a -
t i o n s i n stream s o l u t e chemistry may t h e r e f o r e be regarded as the r e s u l t 
of the i n t e r a c t i o n of two process subsystems which r e f l e c t the surface 
and subsurface dynamics of the catchment (Gregory and W a l l i n g , 1973). 
1.3.1. Above ground component 
Atmosphere: The f i r s t stage i n the h y d r o l o g i c a l pathway i s the 
atmosphere. P r e c i p i t a t i o n ( r a i n , fog and snow) input i n t o the catchment 
contains a wide range of d i s s o l v e d c o n s t i t u e n t s . The amount of chemicals 
v a r i e s from place to place and depends on the source of each element. 
Many catchment studies have shown the necessity of considering the magni-
tude of the atmospheric c o n t r i b u t i o n to streamvater (Fisher et_ a]_, 1968; 
Goudie. 1970; Cryer, 1976), w h i l s t C a r r o l l (1962) and Douglas (1972) 
have demonstrated that p r e c i p i t a t i o n chemistry i s an a c t i v e f a c t o r i n 
weathering. 
Three major sources of the c o n s t i t u e n t s i n p r e c i p i t a t i o n have been 
i d e n t i f i e d , namely the ocean, the land and i n d u s t r i a l p o l l u t i o n . The 
r e l a t i v e importance of any of these sources i s influenced by a number 
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of f a c t o r s such as p r o x i m i t y t o the sea, human a c t i v i t y , presence or 
absence of nearby v e g e t a t i o n , atmospheric turbulence and d i r e c t i o n and 
v e l o c i t y of p r e v a i l i n g winds. 
Oceanic s a l t s : Various t h e o r i e s have been proposed as to the manner 
i n which s a l t s are t r a n s f e r r e d from the sea t o the atmosphere (Koyama 
and Sugawara, 1953), The most popular i s the foam mechanism proposed 
by Vfeodcock ( 1952; -Twomey.,1978)w^ich envisages small water d r o p l e t s 
formed by the b u r s t i n g of bubbles and l a r g e r d r o p l e t s formed by the 
r e s u l t i n g c r a t e r . Ideal c o n d i t i o n s are created by high wind speeds 
w^ich produce a large amount of foam and surf and t r a n s p o r t the p a r t i c l e s 
away. The composition of t h i s a i r i s s i m i l a r t o t h a t of the ocean and 
hence contains r e l a t i v e l y high concentrations of sodium, c h l o r i d e and 
magnesium i n s i m i l a r p r o p o r t i o n s t o those found i n sea water. 
The composition of the aerosols i s s l i g h t l y d i f f e r e n t from seawater 
because of the existence of surface f i l m s of organic m a t e r i a l which 
favours calcium, potassium and magnesium at the expense of sodium and 
c h l o r i d e . Further r e a c t i o n s may al s o occur, the most i n p o r t a n t of which 
i s the mixing of sea-salt p a r t i c l e s w i t h s u l p h u r i c a c i d d r o p l e t s from 
centres of p o l l u t i o n . U l t i m a t e l y sodium b i s u l p h a t e i s formed and hydro-
c h l o r i c a c i d released which t h e r e f o r e a l t e r s the balance and hence the 
r a t i o of sodium t o c h l o r i d e (Gorham, 1961). Koyama and Sugawara (1953) 
have also suggested that the c r y s t a l l i s a t i o n of s a l t s by evaporation 
may lead t o the separation of c h l o r i d e , but Eriksson (1960) does not 
consider t h i s process to be of great s i g n i f i c a n c e . 
The amount of sodium, c h l o r i d e and magnesium i s greatest close 
t o the sea and diminishes w i t h increasing distance from the coast. 
This has been demonstrated f o r c h l o r i d e by Eriksson (1960) i n Scandinavia 
and by Stevenson (1968) i n B r i t a i n , The decrease i s normal to the coast. 
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although the lapse rates are greater i n mountainous areas because of 
the greater amount of p r e c i p i t a t i o n t o wash out the aerosols. At a 
more d e t a i l e d l e v e l of study, Yaalon and Lomas (1970), researching i n 
I s r a e l , i n v e s t i g a t e d aerosol input on a traverse of 6 km normal to the 
coast. They noted that the concentrations were higher i n the w i n t e r 
due to the formation of large d r o p l e t s i n stormier weather, but these 
were not c a r r i e d more than 1.5 km, E ^ t t e r and Edwards (1968) working 
at Aberystwyth using mesh t a r g e t s , recorded sodium c h l o r i d e d e p o s i t i o n 
rates of up to 20,0 kg ha ^ day ^ v^^en the p r e v a i l i n g wind was from 
the sea but o n l y 2,0 kg ha ^ day ^ w i t h an o f f s h o r e wind. They a l s o 
foiuid that s i g n i f i c a n t amounts of airborne s a l t were c a r r i e d i n l a n d . 
This a i r b o r n e s a l t u s u a l l y reaches the ground by being washed out 
of the atmosphere. I t i s g e n e r a l l y r e f e r r e d to as wet f a l l o u t ( f o r 
exanple Whitehead and Feth, 1964; Cryer, 1976) and i s regarded as the 
i n c o r p o r a t i o n of s o l u b l e p a r t i c l e s present i n the atmosphere as s o l u t e s 
i n p r e c i p i t a t i o n . Measurement of wet f a l l o u t i s s t r a i g h t f o r w a r d and 
requires only a c o l l e c t i n g f u n n e l , open duri n g p r e c i p i t a t i o n events, 
and a b o t t l e f o r storage. 
Dry f a l l o u t i s the general term a p p l i e d to the combination of p a r t i c l e s 
w i t h a diameter greater than 20yam, which s e t t l e by g r a v i t y , and smaller 
p a r t i c l e s impacted onto v e g e t a t i o n . Measuring the d r y f a l l o u t c o n t r i b u t i o n 
to a catchment i s exceedingly d i f f i c u l t (Juang and Johnson 1967; Douglas, 
1972). There are two major problems, f i r s t l y raingauges do not t r a p 
aerosols e f f i c i e n t l y because t h e i r o r i f i c e s create turbulence which 
d e f l e c t s the p a r t i c l e s ; secondly there i s no s a t i s f a c t o r y way to measure 
the e f f i c i e n c y of v e g e t a t i o n entrapment. 
Juang and Johnson (1967) experimented w i t h d i f f e r e n t methods of 
measuring dry f a l l o u t and found that a p l a s t i c mesh over a r a i n gauge 
gave higher readings than a metal screen of i d e n t i c a l design. This 
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was a t t r i b u t e d to an e l e c t r o s t a t i c or chemical p r o p e r t y of the p l a s t i c . 
S i m i l a r l y NihlgSrd (1970), using a p l a s t i c net arrangement, recorded 
that the c o n c e n t r a t i o n beneath t h i s was higher than i n Incident r a i n f a l l . 
He a t t r i b u t e d t h i s gain to aerosols adhering to the net. Dry f a l l o u t 
may c o n t r i b u t e s u b s t a n t i a l l y to the catchment i n p u t . For example. Swank 
and Henderson (1976) report that dry f a l l o u t i s approximately 25% of 
wet f a l l o u t i n the Coweeta watershed, N. C a r o l i n a . Dry f a l l o u t i s u s u a l l y 
c o l l e c t e d along w i t h wet f a l l o u t using a c o n t i n u o u s l y open funnel plus 
c o l l e c t i o n b o t t l e . The solutes r e t a i n e d i n the sampler represent a 
mixture of w,et and dry f a l l o u t . Whitehead and Feth ( 1964) used the 
term 'bulk p r e c i p i t a t i o n ' to denote t h i s composite of wet d e p o s i t i o n 
and dry f a l l o u t . 
Vegetation entrapment: the e f f i c i e n c y of aerosol capture i s a 
f u n c t i o n of the radius of the obstacle and wind turbulence. The small 
c y l i n d r i c a l spruce needles are p a r t i c u l a r l y e f f e c t i v e at entrapment 
(Eriksson, 1955). I n a d d i t i o n , the iTr)rphology of a spruce canopy i s 
such that i t causes maximum a i r turbulence above i t which w i l l r e s u l t 
i n enhanced capture. A f u r t h e r problem i n the assessment of the a d d i t i o n a l 
input of s a l t s by entrapment i s the unknown e f f e c t i v e n e s s of the t r e e 
crowns (Madgwick and Oyington, 1959) and of the f o r e s t edge (NfcWalter, 
1978). Entrapment i s only possible when the stomata are open. I t i s 
at a maximum when the leaves are wet and at a minimum when dry (Reynolds, 
p.comn.). According to Eriksson (1955) entrapment by grass should be 
very high due to the small e f f e c t i v e diameter of the leaf blades. However, 
the wind speeds close to the ground are low, p r e c l u d i n g e f f i c i e n t e n t r ap-
ment and wind turbulence w i l l be zero. Therefore grass w i l l have a 
r e l a t i v e l y low aerosol input compared w i t h a s i t k a spruce canopy. This 
sedimentation r a t e on grass i s s t i l l s i g n i f i c a n t l y higher than a c o l l e c t o r 
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would record. 
Assessment of dry d e p o s i t i o n : The measurement of dry d e p o s i t i o n 
i s d i f f i c u l t . Most studies use a catchment geocheraical balance to c a l c u l a t e 
the input of dry d e p o s i t i o n . Chloride i s assumed to be t r a n s p o r t e d 
through the catchment w i t h o u t a b s o r p t i o n , exchange or a d d i t i o n such 
that i t s input must equal output. However, many studies (White and 
Turner. 1970; White et_ al_, 1971; C l a r i d g e , 1973; Reid et_ al_. 1982) have 
monitored a greater output of c h l o r i d e , the excess being a t t r i b u t a b l e 
to dry d e p o s i t i o n v ^ i c h has been underrecorded. 
T e r r e s t r i a l m a t e r i a l : T e r r e s t r i a l dust i s blown o f f the s o i l surface 
and t h e r e f o r e depends on the character of the s o i l , Jennings (1956) 
and Douglas (1972) have shown that p r e c i p i t a t i o n chemistry i n c o n t i n e n t a l 
i n t e r i o r s i s c l o s e l y r e l a t e d t o s o i l composition. Gorham (1961) demonstrated 
that dust i n the a i r near limestone areas has a high calcium c o n c e n t r a t i o n 
and a high pH. Considerable q u a n t i t i e s of dust can be generated by 
man's a c t i v i t i e s , such as arable c u l t i v a t i o n , l i m i n g of f i e l d s and 
q u a r r y i n g . The dust i s a source of quartz and s i l i c a t e m inerals. Acids 
i n the atmosphere may a t t a c k the s i l i c a t e minerals to release s i l i c a , 
aluminium, i r o n as w e l l as c a t i o n s such as potassium and calcium. 
T e r r e s t r i a l l y d e rived dust i s dominant i n c o n t i n e n t a l i n t e r i o r s 
and decreases i n importance towards the coast. Unlike oceanic d e r i v e d 
s a l t s which r e q u i r e stormy c o n d i t i o n s f o r t h e i r p r o d u c t i o n , dust i s 
generated d u r i n g d r y , windy weather. 
Atmospheric p o l l u t i o n : I n d u s t r y creates an important source of 
a i r p o l l u t i o n . Sulphuric a c i d i s a major cause of atmospheric a c i d i t y 
which i s g e n e r a l l y a t t r i b u t e d to i n d u s t r i a l sources. The Norwegians 
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have suggested that the i n d u s t r i a l areas of the Midlands and the North 
of England have been responsible f o r s i g n i f i c a n t l y more ac i d p r e c i p i t a t i o n 
than p r e v i o u s l y (S.N.C.F., 1976). Conventionally f i r e d power s t a t i o n s , 
r e l e a s i n g sulphur dioxide i n t o the atmosphere have been the focus of 
much a t t e n t i o n . I n a d d i t i o n emissions from combustion engines are thought 
to release n i t r o u s oxide which i s h y d r o l i z e d and o x i d i z e d to become 
n i t r i c a c i d . This r e s u l t s i n an increase i n the n i t r a t e c o n c e n t r a t i o n 
i n p r e c i p i t a t i o n which creates an increased n i t r a t e input to ecosystems. 
Great concern has been expressed about the e c o l o g i c a l e f f e c t s of a c i d 
r a i n f a l l and i n p a r t i c u l a r the e f f e c t of su l p h u r i c a c i d on the ecosystem 
(C o g b i l l and Likens. 1974; S.N.C.F., 1976; Likens et_ al_, 1977; Hornbeck 
et_ al_, 1977 ). I n a d d i t i o n , the i n f l u e n c e of a c i d r a i n on the weathering 
environment must be considered (Douglas, 1972). 
Vegetat ion: Following the pathway approach adopted by t h i s t h e s i s , 
the water moves through the v e g e t a t i o n canopy. However, the n u t r i e n t s 
leached from the leaves by throughfaU cannot be i s o l a t e d from the n u t r i e n t 
cycle of which they form a p a r t . 
Plant growth removes a p r o p o r t i o n of s o i l n u t r i e n t s from the s o i l , 
t r a n s f e r r i n g them from the a b i o t i c to the b i o t i c n u t r i e n t p o o l. The 
n u t r i e n t s c i r c u l a t e through the cycle and are l a t e r returned to the 
s o i l r e s e r v o i r . Rate of c i r c u l a t i o n depends on type of p l a n t , type 
of element and i t s f u n c t i o n . Douglas (1972) shows how c e r t a i n p l a n t s 
such as Fagus s y l v a t i c a (beech) and Cornus sanguinea (dogwood) concentrate 
calcium i n t h e i r leaves; Vaccinium m y r t i l l u s ( b i l b e r r y ) contains r e l a t i v e l y 
large amounts of phosphorus and the small roots of Picea Sp. (spruce) 
and shrubs i n the northern t a i g a of the U.S.S.R. have a high i r o n content. 
Rates of movement of n u t r i e n t s through the ecosystem vary, potassium 
fo r example being h i g h l y mobile. This aspect of n u t r i e n t c y c l i n g has 
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-134 been stu d i e d using r a d i o a c t i v e t r a c e r s , Cs was w i d e l y r e d i s t r i b u t e d 
i n the ecosystem 165 days a f t e r the i n t r o d u c t i o n of a caesium t r a c e r 
(Douglas 1972). Sodium and potassium are more mobile than caesium. 
The n u t r i e n t s which c o l l e c t i n the leaves w i l l have a f a s t e r turnover 
than those i n woody m a t e r i a l because rainwater may leach the leaves 
and annual le a f f a l l w i l l r e t u r n the n u t r i e n t s to the s o i l . 
Leaching of leaves by t h r o u g h f a l l depends on both the r a i n f a l l 
and leaf c h a r a c t e r i s t i c s . Low i n t e n s i t y r a i n , f a c i l i t a t i n g c a t i o n exchange 
processes due to a long residence time on the leaves, can be more 
e f f e c t i v e than high i n t e n s i t y r a i n . Leaching p o t e n t i a l also depends 
on the type of v e g e t a t i o n . Coniferous species w i t h c y l i n d r i c a l waxy 
leaves w i l l be leached r e l a t i v e l y less than broad leaved v a r i e t i e s whose 
leaves possess a large surface area (Mina, 1965). The season i s also 
important, f o r as Tukey et_ al_ (1965) have shown, older leaves are more 
e a s i l y leached than young leaves i n w^ich the elements are t i g h t l y bound. 
Therefore the greatest leaching should take place inmediately p r i o r 
to l e a f senescence. 
Considerable q u a n t i t i e s of n u t r i e n t s may be leached by t h r o u g h f a l l 
from the canopy (Table 1.3). Both Duvigneaud and Denaeyer-De-Smet (1970) 
and Likens et_ al_ (1977 ) record the importance of t h r o u g h f a l l to the 
n u t r i e n t c y c l e . For example the f i r s t authors working i n mixed oakwood 
i n Belgium found that 16 kg ha""^ a"*^  (30%) of potassium was r e t u r n e d 
to the s o i l by t h r o u g h f a l l out of a t o t a l of 53 kg ha ^ a ^ returned 
by various routes such as le a f l i t t e r (40%) and ground f l o r a ( 3 0 % ) . 
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Table 1.3. The importance of t h r o u g h f a l 1 and other n u t r i e n t r e t u r n 
routes i n a mixed oalwood^ and mixed deciduous-coniferous 
f o r e s t ^ (kg ha ^ 
Mixed oalwood^ Mi xed deciduous-coniferous 
2 
f o r e s t 
K Ca Mg K Ca Mg Na 
Throughfal1 16 6.2 5,6 30,1" 6.7"' 2.0"" 0.3" 
Stemf low 0.8 0.9 0.6 
Leaf l i t t e r 21 110 5.6 18.3 40.7 5.9 0.1 
Ground f l o r a 15 10 1,3 - - -
^ Duvigneaud and Denaeyer-De-Smet (1970). V i r e l l e s . Belgium 
Likens et a l (1977), Hubbard Brook Exp. Forest, New Hampshire, 
Throughfal 1 + stemf low. 
1.3.2. Ground component 
Leaf l i t t e r : Leaf l i t t e r deconposition i s fundamental to n u t r i e n t 
c y c l i n g through the ecosystem. The organic matter i s broken down by 
decomposers w i t h i n the s o i l . S o i l animals conminute the plant and animal 
remains f a c i l i t a t i n g the invasion and subsequent breakdown by micro-
organisms. They decompose the organic m a t e r i a l by enzymic o x i d a t i o n 
producing carbon d i o x i d e and water as w e l l as r e l e a s i n g energy. 
The r a t e of breakdown of organic m a t e r i a l and hence r a t e of release 
of the various elements d i f f e r s according to the composition of the 
leaf l i t t e r and the type of environment. N u t r i e n t r i c h m a t e r i a l w i t h 
a low carbon-nitrogen r a t i o such as broad leaves or grass i s more e a s i l y 
decomposed than s i t k a spruce and other c o n i f e r needles which c o n t a i n less 
e a s i l y degraded c e l l u l o s e and l i g n i n . The f i r s t can support a larger, more 
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e f f i c i e n t s o i l p o p u l a t i o n than the second, which because of the a c i d i t y 
of the environment, r a r e l y c o n t a l n s micro-organisms and decomposition 
i s by fungi alone (Richards, 1974). The r a t e of broadleaf deconposition 
i s such that most of the m a t e r i a l i s deconqjosed w i t h i n one year t o produce 
mull humus (Witkamp and van der D r i f t , 1961). I n c o n t r a s t , the less 
e f f i c i e n t fungi take up to f i v e years t o decompose the tougher s i t k a 
spruce needles and form a mor humus. Johnson et^ a^, (1969) produced 
a model to consider the e f f e c t of the residence time of a n u t r i e n t i n 
the humus on r i v e r q u a l i t y . I t also took i n t o account the c o n c e n t r a t i o n 
of the n u t r i e n t i n l i t t e r f a l l and the humus l a y e r . N u t r i e n t s w i t h the 
longest residence times had the least v a r i a b i l i t y i n streamsvater. 
N u t r i e n t uptake: The biomass i s dependent on the uptake of n u t r i e n t s 
and t h e i r c i r c u l a t i o n between the b i o t i c and a b i o t i c environment, as 
w e l l as the f l o w of energy through the system. As the p l a n t s grow t h e i r 
r oots take up c a t i o n s i n exchange f o r hydrogen ions (Wiklander, 1964). 
Root exhudates nourish s o i l micro-organisms, which i n t u r n a t t a c k the 
s o i l minerals by the pr o d u c t i o n of organic a c i d s . Plant growth, t h e r e f o r e , 
i s c l o s e l y r e l a t e d to n u t r i e n t uptake and s o i l weathering. 
K e l l e r and Frederlckson (1952) suggest that the hydrogen ions which 
appear on root surfaces move to exchange s i t e s on c l a y c o l l o i d s u^ere 
they are adsorbed before p e n e t r a t i n g a l u m i n o - s i 1 i c a t e minerals. The 
small size of the proton i s such that I t can enter the mineral l a t t i c e 
and d i s p l a c e a metal Ion present. This i s taken up by the plant i n 
i t s n u t r i e n t stream a f t e r being adsorbed on a c l a y c o l l o i d and d i s s o l v e d 
i n s o i l water. Richards ( 1974 ) proposes a more s t r a i g h t f o r w a r d , model 
i n which root r e s p i r a t i o n produces carbon d i o x i d e and thence carbonic 
a c i d w^lch i s then a v a i l a b l e f o r weathering. There i s no i n t e r v e n i n g 
c l a y - c o l l o i d stage. 
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N u t r i e n t c y c l i n g : Research by Duvigneand and Denaeyer-De-Smet 
(1970) and Likens £t_ aj_ (1977) has shown that a considerable p r o p o r t i o n 
of the s o i l n u t r i e n t s are a c t i v e l y c y c l i n g through the ecosystem (Table 
1.4). Losses are i n s i g n i f i c a n t compared w i t h the amounts held w i t h i n 
the biomass or s o i l (Table 1.4). The extremely large s o i l n u t r i e n t 
r e s e r v o i r i s also emphasised by t h i s t a b l e . 
Table 1,4. Annual inputs and outputs of n u t r i e n t s , t o t a l biomass 
storage and t o t a l stored i n the soi ] i n a mixed oakwood^ 
and i n a mixed deciduous-coni ferous 2 f o r e s t 
Mixed oalwDod^ Mixed deciduous-coniferous 
f o r e s t ^ 
K Ca Mg K Ca Mg Na 
Balance (kg ha ^ a ^) (kg ha ^ a ^) 
Bulk pp^ input 5 19 5.8 0,9 2.2 0.6 1.6 
Weathering - - 7,1 • 21.1 3.5 5.8 
Maximum 
Stream output 4 12 4 2.4 13.9 3,3 7.4 
Minerals i n cycle 69 201 18.6 129 126 18.8 67 
Biomass storage (kg ha"^) (kg ha'h 
Above ground 245 868 81 155 383 36 1.6 
Below ground 97 380 21 63 101 13 3.8 
Forest f l o o r - - 66 372 38 3.6 
S o i l n u t r i e n t 
r e s e r v o i r (kg ha"^) (kg ha"S 
Exchangeable 157 13600 151 - 510 
T o t a l 26800 133000 6460 - 74200 
2 Duvigneaud and Denaeyer-De-Smet (1970) 
J Likens et_ al_ (1977) 
Biomass plus elemental composition of the 
the soi1 . 
upper organic layers of 
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Soi1: As the water i n f i l t r a t e s the s o i l , i t s composition i s changed 
due to the various rea c t i o n s taking place, removal of soluble products 
and c a t i o n exchange processes. The extent of the reacti o n s depends 
on the s o i l composition, r a t e of weathering, i n t e n s i t y of leaching and 
b i o l o g i c a l p r o p e r t i e s of the s o i l . 
The inorganic f r a c t i o n of the s o i l i s composed of primary and secon-
dary minerals. With the exception of q u a r t z , which i s ge n e r a l l y regarded 
as being i n e r t (Acquaye and T i n s l e y , 1965), the primary minerals are 
unstable i n the s o i l environment and w i l l t h e r e f o r e break down. Chemical 
weathering i s extremely slow, however, as i n d i c a t e d above, because of 
the very low s o l u b i l i t i e s of the minerals. The r a t e at which the primary 
minerals are broken down i n t o simpler e n t i t i e s depends f i r s t l y on the 
i n t e r n a l s t r u c t u r e of the minerals and secondly on the s o i l environment. 
Paton (1978), i n a review of s i l i c a t e s t r u c t u r e s and s o i l formation, 
showed that s i l i c a t e minerals can be arranged i n a sequence of increas i n g 
s t a b i l i t y as f o l l o w s : 
o l i v i n e s , pyroxenes, amphiboles (micas), f e l s p a r s , q u a r t z . 
O l i v i n e i s a ferromagnesian mineral c o n s i s t i n g of i n d i v i d u a l s i l i c a 
tetrahedra bound together and i n c o r p o r a t i n g i r o n and magnesium. I t 
breaks down r a p i d l y , since there i s no i n t e r - t e t r a h e d r a l bonding, and 
is a r i c h source of i r o n and magnesium. Micas consist of sheets of 
s i l i c a tetrahedra i n which some sheets are held together by magnesium, 
i r o n and aluminium, w h i l s t others are l i n k e d by weakly bonded potassium 
ions. The complex s t r u c t u r e i s more st a b l e than o l i v i n e but less r e s i s t a n t 
than the f e l s p a r s . Felspars consist of r i n g s t r u c t u r e s of s i l i c a 
t e t r a h e d r a , w i t h about 25% replacement of s i l i c o n by aluminium, and 
metal cations such as potassium, calcium, sodium and barium are i n c o r -
porated i n t o the s t r u c t u r e . When f e l s p a r i s attacked, these metal ions 
and s i l i c a plus aluminium are released. The f e l s p a r s make up about 
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60% of the mineral composition of the s o i l and are t h e r e f o r e responsible 
f o r p r o v i d i n g the l a r g e s t source of c a t i o n s and s i l i c a , although they 
weather more slo w l y than e i t h e r ferromagnesian minerals or micas. 
The type of secondary minerals e x i s t i n g at a l o c a t i o n depends on 
the primary minerals present and the i n t e n s i t y of leaching. Felspars 
form k a o l i n i t e . However where leaching i s s u f f i c i e n t l y powerful to 
remove the s i l i c a present, g i b b s i t e i s formed from the k a o l i n i t e . Mica 
weathers r a p i d l y i n a leaching environment (Wilson, 1970) and may breakdown 
to c h l o r i t e or v e r m i c u l i t e before being weathered to become k a o l i n i t e 
or intergrade 2:1 - 2:2 c l a y s . This weathering t r e n d , w i t h v e r m i c u l i t e 
as an intermediate product, has been reported as extensive i n s o i l s 
i n B r i t a i n (Loveland and B u l l o c k , 1976). As w e l l as primary and secondary 
mine r a l s , the presence of i r o n and aluminium as amorphous or c r y s t a l l i n e 
hydrous oxides can be important i n d i c a t o r s as to the type of weathering 
environment (Bascomb, 1968; V e r s t r a t e n , 1980). Podzols, f o r example, 
have a high p r o p o r t i o n of i r o n and aluminium i n amorphous form v^ereas 
i n brown earths the sesquioxides are not mobile and tend to be i n 
c r y s t a l l i n e form. 
As water percolates through the s o i l i t t r a n s p o r t s agents of weathering 
and removes the products, ensuring that the process continues. Loughnan 
(1962) considered that the q u a n t i t y of water i n c i r c u l a t i o n through 
the s o i l i s the most important f a c t o r c o n t r o l l i n g the breakdown of primary 
minerals and the genesis of secondary products: Johnson et_ al_ (1969) 
also noted the importance of the amount of water leaching through the 
p r o f i l e and conmented that the r a t e of weathering i s p r o p o r t i o n a l to 
the amount of hydrogen flushed through the system. As the minerals 
weather, the ions are released i n p r o p o r t i o n s which r e f l e c t t h e i r r e l a t i v e 
m o b i l i t y and t h e i r p r o p o r t i o n i n the parent m a t e r i a l . The r e l a t i v e 
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m o b i l i t y f o r ions i n g r a n i t e was c a l c u l a t e d by Anderson and Hawkes (1958). 
They computed that magnesium and calcium had the greatest m o b i l i t y w i t h 
s i l i c a , i r o n and aluminium the l e a s t . 
S o i l s are worthy of study as major s o l u t e sources because f i r s t l y 
they c o n s t i t u t e the zone of maximum weathering, secondly they c o n t r o l 
the a c t i o n of the n u t r i e n t cycle and t h i r d l y they can e f f e c t i v e l y b u f f e r 
extreme s o l u t e composition (Johnson et_ a_l_, 1969). The surface horizons 
are the most important i n terms of mineral breakdown because the power 
fo r weathering i s at a maximum due to the presence of carbonic a c i d 
and c h e l a t e s . I r o n and aluminium, f o r example, are m o b i l i s e d from the 
upper s o i l horizons and t r a n s l o c a t e d down the p r o f i l e , where they p r e c i p i t a t e 
out. Rsid et_ al_ (1981) has shown that d u r i n g storms r e l a t i v e l y l a rge 
amounts of these sesquioxides are flushed i n t o the r i v e r from the upper 
s o i l horizons. 
C o n t r o l on the n u t r i e n t c y c l e i s through the a v a i l a b i l i t y of s o i l 
n u t r i e n t s . This depends on the manner i n which the elements are held 
w i t h i n the s o i l . The n u t r i e n t s may be held i n s o i l s o l u t i o n f o r inmediate 
uptake by p l a n t s , adsorbed on to clay-humus exchange s i t e s , and may 
be f i x e d w i t h i n the mineral l a t t i c e (Elussell, 1973), Potassium, f o r 
example, i s present i n the pores of moist s o i l s , occurs on the edge 
of c l a y p l a t e s and i s f i x e d i n mica and potassium f e l s p a r c r y s t a l s . 
I f a potassium ion i n s o l u t i o n i s taken up by a pl a n t or leached from 
the p r o f i l e , the e q u i l i b r i u m i s h e l d by potassium being released r a p i d l y 
from the exchange s i t e s . Fixed potassium, however, i s released very 
slowly i n t o s o l u t i o n . N u t r i e n t a v a i l a b i l i t y also depends on the pH 
of the environment and r e l a t i v e m o b i l i t y of the ions. 
B u f f e r i n g w i t h i n the s o i l i s extremely important t o prevent extremes 
of chemical change o c c u r r i n g i n the system. According t o Johnson et_ 
a l (1969) b u f f e r i n g i s acconplished f i r s t l y by means of r e v e r s i b l e i on 
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exchange r e a c t i o n s between s o i l water and the s o l i d phase, and secondly 
by the formation or d i s s o l u t i o n of va r i o u s metastable compounds. These 
processes occur between the ion source r a t e and t h e i r removal r a t e . 
Johnson et_ al_ (1969) conmented that the organic c o l l o i d s i n the Hubbard 
Brook s o i l s are more important f o r ion exchange than c l a y c o l l o i d s . 
The organic conplexes are t h e r e f o r e important i n terms of t h e i r r e a c t i o n s 
and the size of the r e s e r v o i r of n u t r i e n t s which can be held. 
In a d d i t i o n to b u f f e r i n g by s o i l c o l l o i d s , large amounts of s i l i c a 
can be e f f e c t i v e l y b u f f e r e d by being adsorbed by amorphous hydroxides 
of i r o n , aluminium and magnesium (Acquaye and T i n s l e y , 1965; Douglas, 
1978). A s o l u t i o n c o n t a i n i n g aluminium, i n the normal pH range of the 
s o i l , reacts w i t h s i l i c a t o reduce the s o l u b i l i t y by approximately h a l f . 
These mechanisms might e x p l a i n the l i m i t e d range of s i l i c a r eported 
by Davis (1964) i n a review of s i l i c a concentrations i n streams and 
groundwater predominantly i n America. He recorded that 50% of analyses 
from C a l i f o r n i a n streams (545 samples) were between 12 and 23 mg l'^ 
w i t h a median f i g u r e of 17 mg l'"^. 
Paces (1973) presented a model of the mechanisms c o n t r o l l i n g the 
concentrations of sodium, s i l i c a and aluminium i n groundwater p e r c o l a t i n g 
through g r a n i t e . He drew a t t e n t i o n to the c o n t r o l s on chemical e q u i l i b r i u m 
and the importance of the residence time. Paces (1973) tested the model 
using data from the S i e r r a Nevada (Feth et_ al_, 1964) and Czechoslovakia. 
The s o l u t e concentrations were considered to be i n e q u i 1 i b r i u m w i t h 
a l b i t e (sodium f e l s p a r ) as w e l l as a p o o r l y ordered secondary m i n e r a l , 
i n order to have a higher s o l u b i l i t y . Times of p e r c o l a t i o n through 
the g r a n i t e ranged from 15 days before emergence at a s p r i n g t o 384 
days, based on the chemical composition of the water. 
This s e c t i o n has demonstrated the complex nature of the r e a c t i o n s 
w i t h i n s o i l s . The s o i l forms an e f f e c t i v e b u f f e r i n g system against 
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extremes of e x t e r n a l chemical change by means of ion exchange, formation 
of metastable compounds, p r e c i p i t a t i o n and b i o l o g i c a l r e a c t i o n s . The 
s o i l s o l u t i o n i s t h e r e f o r e able to m a i n t a i n the i o n i c concentrations 
w i t h i n a l i m i t e d range. 
1.3,3. R\inoff processes and the stream 
The complexity of the s o l u t e response of a stream can only be under-
stood by considering the i n t r i c a c i e s of r u n o f f processes. Following 
More (1969), the h y d r o l o g i c a l system i n a basin c o n s i s t s of inputs of 
p r e c i p i t a t i o n d i s t r i b u t e d through a number of storages by a s e r i e s of 
t r a n s f e r s leading to outputs of r u n o f f , e v a p o t r a n s p i r a t i o n and deep 
seepage (Figure 1.1). P r e c i p i t a t i o n f a l l s on v e g e t a t i o n , leaf l i t t e r , 
the s o i l surface or the r i v e r channel. Water which i s not stored or 
t r a n s p i r e d may f l o w over the s o i l surface or i n f i l t r a t e . Water i n the 
s o i l may f l o w l a t e r a l l y downslope w i t h o u t becoming groundwater or may 
percolate downwards to the water t a b l e . Both l a t e r a l subsurface f l o w 
and groundwater may supply the baseflow of the stream, as discussed 
belovv. 
Overland flow: Horton (1933) proposed that the s o i l acted as a 
separating surface between r a i n f a l l which i n f i l t r a t e d the s o i l and u l t i m a t e l y 
c o n t r i b u t e d to baseflow, and r a i n f a l l i n excess of the i n f i l t r a t i o n 
c a p a c i t y , ^ A ^ i c h i s the o r i g i n of the storm r u n o f f . He envisaged a s e r i e s 
of f l o w events coranencing w i t h a t h i n water layer over the slope which 
flowed d o w n h i l l to become r i l l s , r i v u l e t s and then discharged i n t o g u l l i e s 
before f i n a l l y f l o w i n g i n t o the r i v e r . Several shortcomings of the 
theory have been h i g h l i g h t e d by Chorley (1978): f i r s t l y the phenomenon 
has r a r e l y been observed on vegetated slopes, secondly the c a l c u l a t i o n 
of surface r u n o f f i s only accurate f o r small areas where transmission 
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time i s n e g l i g i b l e and t h i r d l y subsurface flow which r e t u r n s to the 
surface i s ignored. One important aspect of the theory i s that Hortonian 
overland f l o w w i l l o nly occur instantaneously over the catchment i f 
the area i s small and of one s o i l type, w i t h uniform s o i l moisture and 
v e g e t a t i o n ( K i r k b y , 1969). Given these c o n d i t i o n s , when r a i n f a l l i n t e n s i t y 
i s greater than the i n f i l t r a t i o n r a t e , the magnitude of excess w i l l 
depend on the area of the catchmenjt. 
The Hortonian overland f l o w model has been challenged by a number 
of s t u d i e s , each suggesting that overland f l o w i s only of l i m i t e d extent 
i n areas of vegetated and s o i l - c o v e r e d slopes (K i r k b y and Chorley, 1967; 
Ki r k b y , 1969). Kirkby and Chorley (1967) conment that areas of Hortonian 
overland f l o w are l i m i t e d to those adjacent to the stream channel and 
topographic hollows where surface f l o w w i l l converge. They proposed 
the term s a t u r a t i o n overland f l o w to describe such f l o w which occurs 
when the r a i n f a l l s on already saturated s o i l . I n many cases these 
areas are adjacent to the stream and can be t r e a t e d as an expansion 
of the r i v e r channel. However, there are other sa t u r a t e d areas which 
are not d i r e c t l y connected to the stream, such as flushes i n peat or 
i r o n pan stagnopodzolic s o i l s on moorland plateaux, which can a l s o be 
termed as areas of s a t u r a t i o n overland f l o w , 
A special case of overland f l o w i s l i t t e r f l o w . Pierce (1967) d i s -
cussed two pos s i b l e routes taken by the water, namely over accumulated 
lea f d e b r i s and l a t e r a l l y at the i n t e r f a c e of l i t t e r / h u m u s and the s o i l 
surface. According to Lamson (1967, c i t e d by Chorley, 1978), stormflow 
i n a f o r e s t e d New England catchment was the r e s u l t of t h i s downslope 
f l o w i n the l i t t e r zone alone. I n an experiment to monitor i n t e r f l o w , 
Whipkey (1965) measured a small amount of surface f l o w over leaf l i t t e r 
which commenced about 1.5 hours a f t e r the s t a r t of the r a i n f a l l . 
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I n t e r f l o w : I n recent years the importance of s o i l moisture and 
subsurface f l o w has been stressed (Hewlett and H i b b e r t , 1963; Kirkby 
and Chorley, 1967; Kirkby, 1969; Weyman, 1973). I n m o s t s o i l s the 
p e r m e a b i l i t y decreases w i t h depth, w i t h the highest p e r m e a b i l i t y i n 
the 'A* horizon and a lower p e r m e a b i l i t y i n the 'B* h o r i z o n . Water 
may move l a t e r a l l y at the j u n c t i o n between the 'A* and 'B' horizons 
i f i t cannot p e r c o l a t e down f a s t enough and i s t h e r e f o r e d e f l e c t e d i n 
the upper horizon ( K i r k b y , 1969). Where the s o i l i s deep, i n t e r f l o w 
i s considered to be the main route f o r t r a n s f e r r i n g water to the stream. 
Hewlett and Hibbert (1963), f o r example, using a 15 m long trough of 
undisturbed s o i l , showed that the unsaturated s o i l mass was capable 
of s u s t a i n i n g base f l o w . S i m i l a r l y , Weyman (1974) and Anderson and 
Burt (1977) have shown the importance of i n t e r f l o w i n the c o n t r o l of 
the hydrograph peak, although other authors have suggested that i n t e r f l o w 
discharge i s too small and too l a t e t o make any c o n t r i b u t i o n t o storm 
r u n o f f (Freeze, 1972; Dunne and Black, 1970b; discussed f u r t h e r i n s e c t i o n 
6.1), They argue that the r e t u r n periods of published hydrographs range 
from 5-100 years. Dunne (1978) corrments that although he monitored 
conparable discharge volumes to Whipkey (1965) on a sandy loam s o i l 
w i t h a shallow water t a b l e , on an adjacent s i t e w i t h o u t such favourable 
c o n d i t i o n s , much smaller volumes were recorded. 
The s o i l has been the focus of much a t t e n t i o n , since i t s p h y s i c a l 
p r o p e r t i e s and depth are the most i n p o r t a n t f a c t o r s c o n t r o l l i n g i n t e r f l o w . 
Whipkey (1965) enphasised the e f f e c t of s o i l t e x t u r e on the route and 
t i m i n g of i n t e r f l o w discharge and the i n f l u e n c e of the various horizons. 
Using a 17 m long trough system, he found that i n i t i a l l y f l o w occurred 
from the 0-56 cm depth h o r i z o n , w i t h a sandy loam t e x t u r e . The greatest 
discharge occurred i n the h o r i z o n 56-90 cm below the surface (64% of 
t o t a l ) , at the boundary between the sandy loam and the s i l t y loam. 
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because the f i n e r t e x t u r e d s o i l acted as an impeding l a y e r . The smallest 
q u a n t i t i e s were recorded from the s i l t loam (16%) and c l a y loam (3%) 
horizons at depth (90-120 cm and 120-150 cm depth r e s p e c t i v e l y ) . 
S o i l s t r u c t u r e i s also important. The A and B horizons i n Whipkey's 
(1965) s o i l trough had r o o t s , root holes, animal burrows and s t r u c t u r a l 
channels which provided a h i g h l y permeable medium f o r water movement. 
This flow was t u r b u l e n t , non-Darcian saturated flow from inter-connected 
voids and openings w i t h unsaturated s o i l above and beneath. The f l o w 
v e l o c i t y of 20 cm hr ^ i s about 3 orders of magnitude less than overland 
flow (200 m hr"^ K i r k b y , 1969). The importance of s o i l s t r u c t u r e on 
i n t e r f l o w discharge was also demonstrated by Arnett (1974). P e r m e a b i l i t y 
d i f f e r e n c e s between s i t e s explained most of the discharge v a r i a t i o n s 
monitored. Cracking of the t o p s o i l . i n f l u e n c e d p a r t i c u l a r l y by bracken 
rhizomes, was thought responsible f o r the changes i n p e r m e a b i l i t y through 
the year. 
Vegetation cover exerts an important influence because i t maintains 
the i n f i l t r a t i o n c a p a c i t y of the s o i l and also the organic matter l e v e l s , 
v ^ i c h have a great e f f e c t on the s o i l s t r u c t u r e . Both Hewlett and Hibberl 
(1963) and Whipkey (1965) i n v e s t i g a t e d i n t e r f l o w i n f o r e s t e d areas. 
The roots can create large f i s s u r e s , o f t e n i n a v e r t i c a l d i r e c t i o n , 
f a c i l i t a t i n g water movement through the s o i l . Fine t e x t u r e d s o i l s may 
have t h e i r c o n d u c t i v i t i e s increased by the presence of root channels, 
and where s o i l layers or d i s c o n t i n u i t i e s are penetrated, flow may be 
s o l e l y i n a v e r t i c a l d i r e c t i o n . 
P o s i t i o n of the m o n i t o r i n g s i t e and the l o c a l topography both a f f e c t 
the i n t e r f l o w c h a r a c t e r i s t i c s . Discharge amount i s r e l a t e d to distance 
from the d i v i d e , w h i l s t r a t e i s dependent on slope angle and convexity 
or concavity of the slope p r o f i l e (Whipkey and Kirkby, 1978). The 
greatest amount of discharge i s monitored at the base of the slope. 
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assuming a constant gradient and uniform s o i l , because of the increased 
catchment area supplying the f l o w . The sa t u r a t e d layer formed above 
the impeding h o r i z o n w i l l increase i n height as more water a r r i v e s from 
upslope than can be throughput downslope. Slope angle may a f f e c t the 
v e l o c i t y of f l o w l i n e a r l y , but there are a number of other f a c t o r s which 
may also vary w i t h slope angle, such as s o i l p e r m e a b i l i t y , s o i l organic 
matter and s o i l depth. At the l i m i t s , f l o w may be f a s t through t h i n 
s o i l s developed on steep slopes and slow through peats formed on slopes 
w i t h shallow g r a d i e n t s . As the slope angle changes, so the f l o w r a t e 
a l t e r s : the f l o w r a t e decreases at a slope concavity f o r example, causing 
the depth of f l o w to increase, w i t h the r e s u l t that the s o i l becomes 
saturated to the surface. This water, emerging from the ground surface, 
moves at a high v e l o c i t y (200-300 m hr*"^) to c o n t r i b u t e to storm r u n o f f 
and dominate the channel hydrograph. T h i s discharge, termed r e t u r n 
f l o w by Dunne and Black (1970a), i s fundamental to the p a r t i a l area 
concept (Betson, 1964; Betson and Marius, 1969) or dynamic c o n t r i b u t i n g 
area (Gregory and V f e l l i n g , 1973). This c o n t r i b u t i o n w i l l be enhanced 
by any r a i n f a l l i n g on t o the s a t u r a t e d area and moving to the channel 
as d i r e c t r u n o f f . Only a small p o r t i o n of the catchment area f u n c t i o n s 
as a p a r t i a l area: g e n e r a l l y between 5 and 20%, depending on the s i z e 
of storm and antecedent moisture c o n d i t i o n s . Dunne and Black (1970b) 
mapped the size of the c o n t r i b u t i n g area as 2% of the catchment area 
i n simmer; i n the autumn i t expanded to 2-5%, and a f t e r the p e r i o d of 
snow melt i t reached 10-15%. 
There are t h e r e f o r e a number of inter-connected paths (Jamieson 
and Amerman, 1969) by which r a i n f a l l may proceed to the catchment e x i t . 
Each of these routes and the mixing and i n t e r a c t i o n of flows w i l l have 
an e f f e c t on the stream discharge and i t s s o l u t e chemistry. However, 
the Inqjortance of these f l o w routes i s d i f f i c u l t to determine. 
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Gregory and Walling (1973) described i n t e r f l o w as the most important 
mode of w a t e r f l o w i n humid and humid temperate areas and Kirkby (1969) 
also noted that i n vegetated areas the greatest p r o p o r t i o n of f l o w down 
a h i l l s l o p e i s as i n t e r f l o w . The amount of water f l o w i n g as i n t e r f l o w 
may make a s u b s t a n t i a l c o n t r i b u t i o n t o the q u i c k f l o w component of the 
stream (Hewlett, 1961; Hewlett and H i b b e r t , 1963; Kirkby and Chorley 
1967). Weyman (1973), f o r exanple, a t t r i b u t e d the hydrograph storm 
response to the upslope extension of the satu r a t e d f o o t s l o p e zone and 
saturated i n t e r f l o w from t h i s zone, sa t u r a t e d overland f l o w being absent. 
These f i n d i n g s c o n t r a s t w i t h those of Ragan (1968) and EXinne and Black 
(1970a and b) who recorded that l a t e r a l f l o w w i t h i n the s o i l was absent 
or i n s i g n i f i c a n t and too i n s e n s i t i v e to f l u c t u a t i o n s i n r a i n f a l l i n t e n s i t y 
to c o n t r i b u t e s i g n i f i c a n t l y t o the storm hydrograph. Instead, c o n t r o l 
over the hydrograph was exercised by satu r a t e d overland flew from l o c a l i s e d 
s a t u r a t e d zones close t o the stream channels and from h i l l s i d e l i t t e r 
l a y e r s . 
Further research i s r e q u i r e d i n t o the inportance of i n t e r f l o w at 
f i e l d s i t e s and i t s c o n t r o l l i n g f a c t o r s . A r n e t t (1974. 1976) noted 
great v a r i a b i l i t y between s i t e s , wdiich he considered to be due to v a r i a -
t i o n s i n s o i l a n i s o t r o p y . There was unsystematic v a r i a t i o n i n ra t e s 
of f l o w throughout the year and the r e l a t i v e importance of each s i t e , 
ranked i n order of recorded volume, v a r i e d from week to week. This 
study emphasised the complexity of the s i t u a t i o n and the need t o i n v e s t i g a t e 
i n t e r f l o w c o n t r i b u t i o n at various p o i n t s i n more d e t a i l . 
Throughput of s o i l water: Research i n t o s o l u t e t r a n s p o r t and weathering 
should consider not only the route taken by water but also the manner 
of i t s throughput and residence time. There are two fundamentally 
d i f f e r e n t mechanisms which operate i n the s o i l , t r a n s l a t o r y f l o w (Hewlett 
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and H i b b e r t , 1963; 1967) and d i r e c t throughput. Hewlett and Hibbert 
enphasised the displacement flow theory, i n which a d d i t i o n s of newly 
i n f i l t r a t e d water act as a p i s t o n to force the o l d s o i l water downslope 
(Figure 1.3). Vfeter i s assumed to e x i s t i n layers i n the p r o f i l e i n 
the same sequence i n which i t entered dur i n g i n f i l t r a t i o n , and each 
new a d d i t i o n from above displaces stored water both lower i n the h o r i z o n 
and downslope. The downslope vector enhances the p i s t o n e f f e c t i n the 
displacement of water towards the stream (Figure 1.3). 
Several experiments using s o i l columns have shown that water moves 
through the s o i l i n i d e n t i f i a b l e u n i t s , the o l d r a i n being d i s t i n g u i s h e d 
from the new r a i n above. Horton and Hawkins (1964) experimented w i t h 
a 1.2 m s o i l column, using t r i t i u m - t a g g e d water. A d d i t i o n s of u n l a b e l l e d 
water pushed the l a b e l l e d layer and e x i s t i n g s o i l water through the 
column, the i n d i v i d u a l layers remaining i n t a c t w i t h almost no mixing 
w i t h other l a y e r s , so that 87% of p r e v i o u s l y i n f i 1 t r a t e d water was c o l l e c -
ted before the t r i t i a t e d water appeared. However the s o i l column i s 
u n s a t i s f a c t o r y f o r modelling s o i l water movement downslope because the 
only input i s at the top of the column, and the only e x i t at i t s base, 
w i t h no account taken of possible upslope c o n t r i b u t i o n s or the e f f e c t 
of the slope i t s e l f . This s i t u a t i o n o n l y e x i s t s at the top of the slope 
where the p r o p o r t i o n of o l d r a i n t o newer r a i n i s great and t r a n s l a t o r y 
f l ow i s the o n l y type of s o i l water movement (Figure 1.3), At the base 
of the slope, however, there i s l i k e l y t o be much mixing of r e c e n t l y 
a r r i v e d r a i n w i t h long residence time water (Figure 1.3), c r e a t i n g a 
very complex s i t u a t i o n i n terms of residence time and attainment of 
chemical e q u i l i b r i a . 
The second model i s the throughput of s o i l water through large 
pores (greater than 50 ^m). These macro-pores, termed transmission 
pores by Greenland (1977), d r a i n the water r a p i d l y from the s o i l by 
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g r a v i t y . They can be envisaged as small pipes o c c u r r i n g i n the s o i l , 
and correspond to the micro-channels along which Whipkey (1965) envisaged 
subsurface discharge taking place. Work by Gi Imour and Bonell ( 1979 ) 
i n the t r o p i c s suggested that both the t r a n s l a t o r y f low and throughput 
mechanisms may operate at the same l o c a t i o n : d i r e c t throughput occurred 
during storms through the many macro-pores which e x i s t e d at 25 cm depth 
w h i l s t t r a n s l a t o r y f low i n the top 3 m of s o i l was responsible f o r the 
delayed baseflow component of the hydrograph, 
Spr ings: Springs and seepages are n a t u r a l discharges of water 
large enough to produce streamflow (Gregory and W a l l i n g . 1973). A 
spring i s d i s t i n g u i s h e d from a seepage on the basis that the former 
i s a more concentrated discharge than the d i f f u s e output from a seep. 
Their o r i g i n i s d i c t a t e d by several f a c t o r s , the most important of which 
i s the p o s i t i o n of the water table i n t e r s e c t i n g the surface. Other 
groups of springs depend on v a r i a t i o n s i n the p e r m e a b i l i t y of the r e g o i i t h , 
the presence of j o i n t s and the lo c a l topography. Concavities may concen-
t r a t e subsurface f l o w to produce a seepage or s p r i n g . Unlike springs 
located i n limestone areas, a l l the springwater has percolated through 
the g r a n t i c r e g o i i t h and there i s no input s i m i l a r to s w a l l e t s . Determina-
t i o n of the o r i g i n s of f l o w are rather d i f f i c u l t , but study of discharge 
frequency and the seasonal v a r i a b i l i t y of temperature o f f e r s two methods 
to i n v e s t i g a t e the nature of the source. 
The discharge of springs can be very v a r i a b l e : there are springs 
which flow the e n t i r e year, those which discharge f o r only part of the 
year and others which only f l o w at i r r e g u l a r i n t e r v a l s . These v a r i a t i o n s 
are g e n e r a l l y r e l a t e d to the spring's source of water, and may be r e l a t e d 
to a perched water t a b l e , v a r i a t i o n i n the catchment water t a b l e , or 
possible f l u c t u a t i o n s i n the t r a n s l a t o r y f low i n the case of springs 
fed by i n t e r f l o w . 
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According to P i t t y (1979b), seasonal v a r i a b i l i t y of water temperature 
o f f e r s a simple and inexpensive method f o r d i s c r i m i n a t i n g between v a r y i n g 
o r i g i n s of f l o w . The method assumes that the deeper the source and 
the slower i t s movement, the more constant the temperature of the s p r i n g -
water. Conversely, springs supplied by shallow sources w i l l have greater 
v a r i a b i l i t y . Where t r a n s l a t o r y f l o w i s the major source, new r a i n w i t h 
high temperature v a r i a b i l i t y mixes w i t h older r a i n of lower v a r i a b i l i t y 
so that short term f l u c t u a t i o n s are imposed on any seasonal p a t t e r n 
^Adiich may e x i s t . 
The chemistry of springs has been stu d i e d predominantly i n limestone 
regions (Douglas, 1968b; P i t t y , 1968) where the main task i s o f t e n to 
examine the s o l u t e chemistry ,in terms of a concentrated source, such 
as a s w a l l e t , conqaared w i t h more d i f f u s e sources (Shuster and White, 
1972). S i m i l a r l y , i n g r a n i t i c regions the s o l u t e chemistry of springs 
has also been shown to depend on the nature of the f l o w route and the 
residence time (Feth et_ al_, 1964). The pioneering work of Feth et a l 
(1964) i s considered i n more d e t a i l i n Section 7.2.1. 
1.3.4. Solute chemistry of streams 
S p a t i a l v a r i a t i o n ; At the catchment l e v e l of a n a l y s i s there are 
a number of c o n t r o l s on stream s o l u t e chemistry. L i t h o l o g i c a l f a c t o r s 
have been stressed as major c o n t r o l s by Douglas (1972), but there i s 
also a close r e l a t i o n s h i p between stream q u a l i t y and v e g e t a t i o n and 
land use. 
M i l l e r (1961) made a study of small streams d r a i n i n g s i n g l e rock 
types i n the Sangre de C r i s t o Range i n New Mexico and found that the 
r i v e r s d r a i n i n g sandstone, w i t h a v a r i a b l e q u a n t i t y of interbedded l i m e -
stone, had a higher s o l u t e c o n c e n t r a t i o n than those from e i t h e r g r a n i t e 
or q u a r t z i t e . For each rock type, the s o l u t e concentrations were almost 
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constant i n s p i t e of great d i f f e r e n c e s i n v e g e t a t i o n , a l t i t u d e , slope, 
drainage area and r u n o f f between catchments. This almost constant com-
p o s i t i o n may be due to the water i n the h y d r o l o g i c a l system coming to 
e q u i 1 i b r i u m w i t h the mineral assemblages present. Imeson (1973). 
i n v e s t i g a t i n g the s o l u t e v a r i a t i o n s between small catchments, also noted 
the importance of l i t h o l o g y . He found that the presence of carbonate 
rocks such as chalk or chalky boulder c l a y increased the s o l u t e concen-
t r a t i o n s of streams d r a m a t i c a l l y . 
The r o l e of v e g e t a t i o n i n i n f l u e n c i n g stream chemistry i s n e i t h e r 
f u l l y '•appreciated nor completely understood (Douglas, 1972 ). The mechanisms 
by which v e g e t a t i o n influences the water chemistry include the loss 
of n u t r i e n t s from the ecosystem as discussed above, as w e l l as the input 
of leaf l i t t e r i n t o the stream and subsequent r e a c t i o n s between organic 
substances and inorganic ions. Leaf l i t t e r f a l l i n g d i r e c t l y i n t o a 
stream d u r i n g autumn was found by Slack and F e l t z (1968) t o exercise 
an i n f l u e n c e on the s o l u t e chemistry i n a small stream i n V i r g i n i a . 
They noted that d u r i n g l e a f f a l l metal ions increased i n c o n c e n t r a t i o n 
w h i l s t pH decreased. Seasonal b i o l o g i c a l a c t i v i t y may a l s o a f f e c t the 
s o l u t e chemistry d i r e c t l y , f o r example a l g a l blooms or diatoms removing 
chemicals from the r i v e r (Lack, 1971), or i n d i r e c t l y by the decay of 
leaf l i t t e r i n the s o i l r e l e a s i n g potassium and n i t r a t e i n autumn (Likens 
e ^ a l , 1971). 
The e f f e c t s of d i f f e r e n t land uses on r i v e r water q u a l i t y were 
i n v e s t i g a t e d by Walling and Webb (1975). There was s i g n i f i c a n t v a r i a t i o n 
i n c o n d u c t i v i t y due to land use on s i m i l a r l i t h o l o g i e s . Farmland had 
the highest c o n d u c t i v i t y , woodland intermediate and moorland the l e a s t . 
A g r i c u l t u r a l land had high n i t r a t e l e v e l s , i n p a r t i c u l a r , because of 
the high f e r t i l i z e r i n p u t s . I n a d d i t i o n there may be high short term 
losses from the moorland. Watts (1971) recorded t h a t heather burning 
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caused large losses of n u t r i e n t s , which may be exacerbated by high r u n o f f 
due to the s e a l i n g of the peat surface by f i r e (Imeson, 1971). 
S p a t i a l v a r i a t i o n along streams: The various f a c t o r s responsible 
f o r s o l u t e v a r i a t i o n s between catchments also exert an important i n f l u e n c e 
w i t h i n a catchment (Veiling and Webb, 1980). For example, Douglas (1972) 
has shown v a r i a t i o n s i n water q u a l i t y along the l e n g t h of the River 
Derwent to be due to changes i n l i t h o l o g y . The t o t a l carbonate hardness 
rose from 8 mg l " ^ i n the head waters on M i l l s t o n e G r i t to 183 mg l " " ^ 
as the stream was j o i n e d by t r i b u t a r i e s d r a i n i n g Carboniferous Limestone. 
There i s a general tendency f o r s o l u t e concentrations to increase 
dcwnstream. Oborne et_ al_ (1980), f o r example, noted that there was 
a s i g n i f i c a n t increase i n t o t a l d i s s o l v e d s o l i d s (7 f o l d ) , n i t r a t e l e v e l s 
(12 f o l d ) and phosphate l e v e l s (16 f o l d ) along the River Wye. although 
mean s i l i c a and sodium showed l i t t l e change. These changes were r e l a t e d 
to v a r i a t i o n s i n geology, and i n the case of n i t r a t e and phosphate to 
changes i n land use and increased p o p u l a t i o n d e n s i t y downstream. 
The e f f e c t s of a l t i t u d e may be important: upland areas are u n d e r l a i n 
by a c i d igneous rocks, r e s i s t a n t t o chemical weathering and may possess 
only peaty or t h i n s o i l s . Runoff i s r e l a t i v e l y r a p i d and s o l u t e concentra-
t i o n s tend to be low. Conversely, downstream the catchment size increases 
as does the depth of s o i l and weathered rock, and the amount of a l l u v i a l 
m a t e r i a l . Following Pinder and Jones (1969) there may be two reasons 
v/hy s o l u t e concentrations r i s e downstream. F i r s t l y , the groundwater 
has a longer residence time and secondly groundwater makes a more s i g n i f i c a n t 
c o n t r i b u t i o n downstream than i n the upper part of the basin. 
Ternan and Murgatroyd (1983) s t u d i e d the change i n c o n d u c t i v i t y 
along 3.5 km of the Narrator Brook, Dartmoor and found that there was 
a progressive increase which coincided w i t h the appearance of coniferous 
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f o r e s t . A s i m i l a r stream, the Cherry Brook, Dartmoor, u n d e r l a i n by 
g r a n i t e and dominated by moorland v e g e t a t i o n but c o n t a i n i n g no woodland, 
showed an almost constant c o n d u c t i v i t y p r o f i l e . I t was deduced that 
the r i s e i n the f o r e s t e d reaches of the Narrator Brook was mainly due 
to aerosol entrapment by coniferous t r e e s . 
Douglas (1972) s t a t e s that the v a r i a t i o n s i n stream q u a l i t y i n 
a catchment can be determined not only at the large catchment scale 
but can a l s o be found at the experimental p l o t scale. Assuming that 
there i s no v a r i a t i o n i n geology, the routes taken by the water to the 
stream are fundamental i n determining water q u a l i t y . 
Temporal v a r i a t i o n s : Temporal v a r i a t i o n s i n s o l u t e concentrations 
may be i n v e s t i g a t e d d u r i n g i n d i v i d u a l storm events (Hem, 1970; W a l l i n g , 
1974; Foster, 1979; Reid et^ aj^' 1981) and also on a seasonal basis 
(0»Connor. 1976; Foster, 1978). At the small catchment l e v e l , d u r i n g 
a storm, water from d i f f e r e n t sources possessing d i f f e r i n g chemical 
c h a r a c t e r i s t i c s i s mixed together. Generally as discharge r i s e s d u r i n g 
a storm event, c o n c e n t r a t i o n tends to decrease; but once the hydrograph 
peak i s passed, the c o n c e n t r a t i o n r i s e s . However, as Douglas (1972) 
notes, the r e l a t i o n s h i p i s seldom simple. During a storm, the q u i c k f l o w 
c o n t r i b u t i o n i s d e r i v e d from p r e c i p i t a t i o n f a l l i n g d i r e c t l y on to the 
channel or areas of r e t u r n f l o w , and since r a i n f a l l contains a lower 
c o n c e n t r a t i o n of s a l t s than delayed f l o w d i l u t i o n occurs. 
The various chemical elements do not act u n i f o r m l y : t h e i r i n d i v i d u a l 
behaviour depends on the r e l a t i v e p r o p o r t i o n s of q u i c k f l o w and delayed 
f l o w and on t h e i r r e l a t i v e concentrations i n p r e c i p i t a t i o n , s o i l water 
and groundwater. 
Ions such as sodium, calcium, magnesium, s i l i c a and bicarbonate 
tend to d i l u t e d u r i n g increased discharge (Johnson et_ al_, 1969; Cleaves 
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et_ al_, 1970), w i i i l s t potassium increases i n c o n c e n t r a t i o n (Douglas, 
1972; Foster, 1979). I n c o n t r a s t c h l o r i d e o f t e n shows no r e l a t i o n s h i p . 
Cleaves et^ al_ (1970), studying a small catchment i n Maryland, found 
that t o t a l d i s s o l v e d s o l i d s , potassium, calcium, magnesium and sulphate 
concentrations rose as discharge increased. This was a t t r i b u t e d t o 
the f l u s h i n g of soluble s a l t s from organic matter and the A h o r i z o n . 
They noted that the chemical c o n c e n t r a t i o n of i n t e r f l o w exerted a major 
inf l u e n c e on the s o l u t e v a r i a t i o n d u r i n g a storm. I n p a r t i c u l a r , the 
ions which were h i g h d u r i n g the storm event were a l s o h i g h i n i n t e r f l o w , 
f o r example potassium, magnesium and sulphate. 
Other studies such as Vfelling (1974) and Reid et_ al_ (1981) showed 
tha t sodium, calcium, magnesium and s i l i c a d i l u t e d d u r i n g a storm. 
The second study found that i n i t i a l l y the c o n c e n t r a t i o n of these ions 
remained steady as stored s o i l - w a t e r was f l u s h e d i n t o the r i v e r . As 
discharge rose, however, and was dominated by water d r a i n i n g the upper 
organic h o r i z o n s , the s o l u t e c o n c e n t r a t i o n decreased. When the storm 
had passed, the c o n c e n t r a t i o n increased s l o w l y as the ions were released 
by weathering, but the concentrations were lower on the recession limb 
of the hydrograph than on the r i s i n g limb at the same discharge. 
Reid et_ al_ (1981) a l s o noted that t o t a l organic carbon (T.O.C.). 
aluminium, manganese and i r o n increased i n c o n c e n t r a t i o n d u r i n g the 
storm. T.O.C, and alimiinium both reached a maximum a few hours a f t e r 
peak discharge, whereas i r o n and manganese rose r a p i d l y and a t t a i n e d 
t h e i r peak several hours p r i o r t o the hydrograph peak. The increase 
i n these chemicals was explained i n terms of the storm water being d e r i v e d 
from the upper organic and organo-mineral surface horizons which was 
enriched w i t h these metals. During an i n d i v i d u a l storm event, t h e r e f o r e , 
the route taken by storm water and the behaviour of the i n d i v i d u a l ions 
leads to v a r i a t i o n s i n s o l u t e response i n the stream. There i s o f t e n 
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a lag between the hydrograph peak and the peak/trough of the s o l u t e 
c o n c e n t r a t i o n . Spraggs (1976) has e x p l a i n e d t h i s i n terms of the l o c a t i o n 
of s o l u b l e substances i n the p r o f i l e and t h e i r i n t e r a c t ion w i t h runoff 
production p r o c e s s e s , w h i l s t at a l a r g e r s c a l e Glover and Johnson (1974) 
denionstrated that lag may be due to a d i f f e r e n c e i n v e l o c i t y between 
that of the fl o o d wave and of the s o l u t e s i n floodwater. W a l l i n g and 
Webb (1980) conmented that the lag e f f e c t may a l s o be due to a r e d u c t i o n 
i n s o l u t e c o n c e n t r a t i o n by d i s p e r s i o n p r o c e s s e s . 
The r e l a t i o n s h i p between s o l u t e c o n c e n t r a t i o n and di s c h a r g e i s 
g e n e r a l l y c o n s i d e r e d over longer i n t e r v a l s than simply one storm. S o l u t e 
r a t i n g c u r v e s a r e g e n e r a l l y used, which c o n s i s t of simple l i n e a r r e g r e s s i o n 
of c o n c e n t r a t i o n ( y - a x i s ) a g a i n s t d i s c h a r g e ( x - a x i s ) . The slope of 
the r a t i n g curve i s a measure of e i t h e r d i l u t i o n ( n e g a t i v e s l o p e ) or 
co n c e n t r a t i o n ( p o s i t i v e s l o p e ) as d i s c h a r g e i n c r e a s e s . T h i s r e f l e c t s 
not only the tendency during a s i n g l e storm but a l s o s e a s o n a l f a c t o r s 
as wel1 . 
The r e l a t i o n s h i p between c o n c e n t r a t i o n and d i s c h a r g e may be l i n e a r 
(Lewis and Grant, 1979) or i n an exponential form. The second method 
i s used e i t h e r where the range of d i s c h a r g e s i s v e r y great (e.g. 0.8 
m^s"^ to 230 m^s*\ Wa l l i n g and Webb. 1980) or where the data p o i n t s 
g e n e r a l l y f a l l on steady or f a l l i n g d i s c h a r g e s , which r e s u l t s i n the 
samples being not normally d i s t r i b u t e d . 
The exponential form of equation may be expressed i n the semi-log 
form (such as used by Douglas, 1967; Waylen, 1979) or i n the log-log 
form ( f o r example Cborne et_ aj_, 1980; W a l l i n g and Webb, 1980). However, 
the s c a t t e r of p o i n t s i s such that e i t h e r models of g r e a t e r complexity 
a r e r e q u i r e d ( F o s t e r , 1980) or a d i f f e r e n t approach should be adopted. 
Walling (1974) used a time based hydrograph s e p a r a t i o n technique to 
subdivide stream runoff i n t o q u i c k f l o w and delayed flow (Hewlett and 
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ttibbert. 1967) con^juting a m u l t i p l e r e g r e s s i o n curve f or each. T h i s 
improved the degree of e x p l a n a t i o n ( r ^ = 0.40), and the nature of the 
equation conformed to p h y s i c a l r e a l i t y . The s c a t t e r was e x p l a i n e d by 
d i l u t i o n of long r e s i d e n c e time water by qu i c k f l o w . F o s t e r (1978) used 
a d i f f e r e n t approach to reduce the amount of s c a t t e r . He a p p l i e d simple 
power f u n c t i o n models to a s e a s o n a l l y sub-divided data s e t and found 
that t h i s i n c r e a s e d the l e v e l s of e x p l a i n e d v a r i a n c e f o r potassium, 
ca l c i u m , magnesium and n i t r a t e but not for sodium and c h l o r i d e . 
Many ions show seasonal d i f f e r e n c e s i n t h e i r behaviour due to b i o -
l o g i c a l and hydrometeorological p r o c e s s e s . For exanrole L i k e n s et a l 
(1977) noted that potassium and n i t r a t e c o n c e n t r a t i o n s i n the stream 
were lower i n sunmer because of u t i l i s a t i o n by the biomass. Both potassium 
and n i t r a t e rose i n the autumn when there was a r e d u c t i o n i n b i o l o g i c a l 
a c t i v i t y , r i s i n g to a maximum i n A p r i l , C l e a v e s et_ al_ (1970) a l s o noted 
the inportance of b i o l o g i c a l a c t i v i t y . F i r s t l y , during the summer months 
gr e a t e r a c t i v i t y l e d to more vigorous production of carbon d i o x i d e and 
hence to i n c r e a s e d chemical weathering, c a u s i n g a r i s e i n s i l i c a and 
bi c a r b o n a t e . Secondly, c a l c i u m , potassium and bicarbonate i n c r e a s e d 
i n c o n c e n t r a t i o n i n autumn, a f e a t u r e r e l a t e d to l e a f f a l l . 
Hydrometeorological f a c t o r s may a f f e c t the h y d r o l o g i c a l system 
by i n f l u e n c i n g the amount of water p a s s i n g through, the amount of water 
l o s t by t r a n s p i r a t i o n as w e l l as the s o l u t e i n p u t s . S e v e r a l s t u d i e s 
have shown r i s e s i n c o n c e n t r a t i o n s of c a l c i u m , magnesium, sodium and 
potassium during the summer and d i l u t i o n during w i n t e r p e r i o d s as more 
water moved through the system ( F o s t e r , 1979; Oborne et_ aj_, 1980). 
The high input of sodium and magnesium from the atmosphere during l a t e 
autumn and e a r l y w i n t e r was found to cause c o r r e s p o n d i n g l y high v a l u e s 
of these ions i n streamvater (Reid e ^ a l , 1981), 
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I n order to q u a n t i f y the temporal v a r i a b i l i t y of s o l u t e c o n c e n t r a t i o n s , 
a seasonal or day of the year index i s o f t e n i n c o r p o r a t e d i n t o s t a t i s t i c a l 
a n a l y s e s . K e l l e r ( 1 9 70), W a l l i n g (1974) and F o s t e r (1979) used a s i n e 
index, s i n c e i t s d i s t r i b u t i o n approximates that of the water y e a r , w i t h 
maximum v a l u e s i n March and minimum v a l u e s i n September. Other s t u d i e s , 
for example C r y e r (1976), have used a day of the year index w i t h January 
1st as day 1 and day 180 having an index of 0. F o s t e r (1979) found 
that the s o l u t e c o n c e n t r a t i o n s i n a stream d r a i n i n g woodland were s i g n i f i -
c a n t l y c o r r e l a t e d w i t h the s i n e index w^ich he r e l a t e d to the s e a s o n a l 
b i o l o g i c a l rhythm imposed by deciduous v e g e t a t i o n . 
A number of v a r i a b l e s are used to determine the e f f e c t of hydro-
m e t e o r o l o g i c a l f a c t o r s , namely p r e c i p i t a t i o n amount, antecedent p r e c i p i -
t a t i o n , s o i l moisture d e f i c i t and d i s c h a r g e ( W a l l i n g , 1974). F o s t e r 
(1979) found that d i s c h a r g e was the most important v a r i a b l e for e x p l a i n i n g 
s o l u t e c o n c e n t r a t i o n s from a t i l e d r a i n and drainage d i t c h . Pionke 
and Nicks (1970), however, found that maximum d a i l y p r e c i p i t a t i o n e x p l a i n e d 
more v a r i a n c e than d i s c h a r g e r e l a t e d v a r i a b l e s . One s e r i o u s problem 
when t r y i n g to determine the r e l a t i v e importance between p r e c i p i t a t i o n 
and strearaflow f a c t o r s i s the i n t e r r e l a t i o n s h i p s e x h i b i t e d between the 
hydrometeorological f a c t o r s . To t r y to overcome t h i s problem Imeson 
(1973) examining s o l u t e v a r i a t i o n , and W a l l i n g (1974) i n v e s t i g a t i n g 
sediment production, used p r i n c i p a l components a n a l y s i s to provide a 
measure of the independent e f f e c t of each v a r i a b l e . Imeson (1973) 
conmented that w h i l s t the method was u s e f u l , i t f a i l e d to r e v e a l the 
e f f e c t s of the v a r i o u s f a c t o r s . 
T h i s s e c t i o n has demonstrated that the s o l u t e c h e m i s t r y of a stream 
i s extremely complex and depends on both the source of the chemicals 
and the runoff p r o c e s s e s i n v o l v e d . Examination of stream water c h e m i s t r y 
i s v i t a l w i t h i n the aims of t h i s t h e s i s because the stream i s the u l t i m a t e 
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route taken by the water along i t s h y d r o l o g i c a l pathway, and changes 
during time may provide information on the sources of s o l u t e s and u l t i 
raately on the most iirportant p r o c e s s e s i n f l u e n c i n g stream c h e m i s t r y . 
I n p a r t i c u l a r , the t h e s i s aims to i n v e s t i g a t e the i n t e r a c t i o n of the 
runoff p r o c e s s e s and the s o l u t e production mechanisms i n determining 
v a r i a t i o n s i n stream c h e m i s t r y . 
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CHAPTER 2 
THE NARRATOR CATCHMENT 
2.1. I n t r o d u c t i o n 
The Narrator catchment was s e l e c t e d from a number of p o t e n t i a l s i t e s 
on Dartmoor on the b a s i s of the c r i t e r i a suggested by Bormann and Li k e n s 
(1967) f o r studying h y d r o l o g i c a l and n u t r i e n t c y c l i n g . These requirements 
were t h a t the catchment should have: 
a. V e r t i c a l and h o r i z o n t a l boundaries defined f u n c t i o n a l l y 
by the drainage of water and 
b. An impermeable base. 
I n a d d i t i o n to these f a c t o r s :four more c r i t e r i a were a l s o considered 
important: 
c. G e o l o g i c a l homogeneity was e s s e n t i a l to minimise a source 
of v a r i a t i o n i n stream water chemistry. 
d. Human a c t i v i t y was to be l i m i t e d i n extent. There has been 
no urban or a g r i c u l t u r a l development w i t h i n the catchment, 
although about 300 ha was a f f o r e s t e d i n 1921. 
e. The b a s i n a r e a had to be l a r g e enough to be r e p r e s e n t a t i v e 
of Dartmoor as a whole and to c o n t a i n a number of sub-
catchments f o r a d e t a i l e d i n v e s t i g a t i o n of f l u v i a l and 
s o l u t e p r o c e s s e s . 
f. Easy a c c e s s was nec e s s a r y from Plymouth. 
The catchment s e l e c t e d i s drained by the Narrator Brook and i s 
s i t u a t e d approximately 17 km no r t h - e a s t of Plymouth on the south-west 
margin of Dartmoor ( F i g u r e 2.1, P l a t e 2 . 1). With the exception of an 
impermeable base, i t f u l f i l s a l l the c r i t e r i a d e t a i l e d above. However, 
none of the catchments on Dartmoor are l i k e l y to be w a t e r t i g h t because 
of the great depth of v a l l e y i n f i l l which they c o n t a i n . Other catchment 
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s t u d i e s have a l s o encountered t h i s problem, f o r example Crimple Beck 
catchment, Harrogate (McDonald p.comm.) and the Pond Branch catchment, 
Maryland ( B r i c k e r e t al^ 1968; Cleaves e t a l , 1970). Another f a c t o r 
considered i n the choice of catchment was that the Narrator Brook 
d r a i n s i n t o the B a r r a t o r R e s e r v o i r . T h i s might be u s e f u l f o r l a t e r 
h y d r o l o g i c a l and s o l u t e s t u d i e s because the s u r f a c e l e v e l o f the water 
w i l l provide a datum f o r c a l c u l a t i n g the deep seepage l o s s e s . 
The most important of the other c r i t e r i a was t h a t the topographical 
and h y d r o l o g i c a l d i v i d e s should be c o i n c i d e n t . T h i s was to f a c i l i t a t e 
the c a l c u l a t i o n of the h y d r o l o g i c a l and s o l u t e budgets. One problem which 
occurs over much of Dartmoor i s t h a t the drainage d i v i d e s are l o c a t e d on", 
a p l a t e a u so t h a t they are d i f f i c u l t to d i s t i n g u i s h . A f u r t h e r d i f f i c u l t y 
i n south-west Dartmoor i s t h a t drainage conduits or l e a t s c a r r y water from 
one catchment through to the next, thus p r o v i d i n g an extraneous source. 
The Narrator catchment, i n c o n t r a s t to many areas on Dartmoor, has a 
c l e a r l y defined drainage d i v i d e and co n t a i n s no l e a t s . 
F i n a l l y , the area i s owned by South West V/ater Authority which has 
been b e n e f i c i a l to the study i n s e v e r a l ways: 
a. There are over 75 ye a r s of meteorological and h y d r o l o g i c a l 
records r e l a t i n g to Bu r r a t o r R e s e r v o i r and i t s catchments, 
b. Chemical records r e l a t i n g to the r e s e r v o i r have been kept 
s i n c e 1959. 
c. Access w i t h i n the catchment i s good on two unmetalled t r a c k s . 
2.2. The ar e a and land use h i s t o r y 
2 
The catchment covers an area of 4,75 km but most of the d e t a i l e d 
r e s e a r c h was conducted i n an ar e a about 0.3 km^ on the southern s i d e of 
the v a l l e y , shown on Fi g u r e 2.1 as the Study Area. The concept of s e l e c t i n g 
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a sm a l l a r e a w i t h i n the catchment f o r d e t a i l e d s t u d i e s w i l l be d i s c u s s e d 
i n S e c t i o n 3.1. S p e c i a l a t t e n t i o n was paid to the d e s c r i p t i o n of s o i l s 
and vegetation i n t h i s a r e a . 
The drainage b a s i n i s bounded by Down Tor and Combshead Tor to the 
north, Sheeps Tor to the south and Eylesbarrow to the e a s t ( F i g u r e 2 . 1). 
The height range i s 234 m a c r o s s the catchment, from 222 m 0,D. a t i t s 
o u t l e t near the r e s e r v o i r to 456 m O.D. a t Eylesbarrow, The area i s 
drained by the Narrator Brook, a second order stream n e a r l y 4.5 km long. 
There i s a g r e a t deal of evidence t h a t man has been a c t i v e during 
the t w e l f t h and t h i r t e e n t h c e n t u r i e s and l a r g e q u a n t i t i e s of m a t e r i a l were 
excavated by the process of open c a s t mining a t t h a t time (Booker, 1970). 
I n the v a l l e y bottom the course of the stream has been changed c o n s i d e r a b l y 
as a r e s u l t of t i n streaming and d i v e r t i n g water to power the 'blowing 
houses'. The morphological e f f e c t of these a c t i v i t i e s i s c l e a r l y demon-
s t r a t e d by the abrupt breaks i n many slope p r o f i l e s and the waste heaps 
which e x i s t i n the upper catchment. 
I n Mediaeval times three farms were e s t a b l i s h e d : a t Middleworth, 
Deancombe and Combshead. E x t e n s i v e a r e a s of the lower catchment were 
enclosed and probably limed and ploughed. These a r e a s today r e p r e s e n t 
the improved upland p a s t u r e s . S e v e r a l phases of a g r i c u l t u r a l development 
and r e c e s s i o n have occurred. 
I n 1916 the land was bought by Plymouth Corporation i n order to 
p r o t e c t the r e s e r v o i r from the i n f l u e n c e of man, and the farms were 
vacated. The Corporation began a scheme f o r a f f o r e s t i n g the lower c a t c h -
ment i n 1921 with s i t k a spruce ( P i c e a s i t c h e n s i s ) and l a r c h ( L a r i x 
decidua) because of the supposed b e n e f i c i a l e f f e c t s of c o n i f e r o u s f o r e s t s 
on water q u a l i t y (Leyton e t a l , 1967). The remainder of the catchment i s 
le a s e d to a l o c a l farmer f o r g r a z i n g . I n common with much of upland 
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B r i t a i n , the a r e a i s mainly used f o r r e a r i n g c a t t l e and sheep. The a r e a 
i s being i n c r e a s i n g l y used f o r r e c r e a t i o n , but s i n c e the m a j o r i t y of the 
v i s i t o r s s t a y on the footpaths, t h e i r impact i s minimal. 
2.3. Climate 
The a r e a i s c h a r a c t e r i s e d by moderate temperatures, high annual 
r a i n f a l l and humidity, high amounts of cloud cover and frequent h i l l fog 
( P e r k i n s , 1970). Maritime a i r masses are experienced a t a l l seasons and 
leirgely r e s p o n s i b l y f o r the c h a r a c t e r i s t i c s o f the c l i m a t e . South w e s t e r l y 
winds p r e v a i l , a s s o c i a t e d with frequent d e p r e s s i o n a l a c t i v i t y from the 
A t l a n t i c . 
R a d i a t i o n : S o l a r r a d i a t i o n i s an important v a r i a b l e i n both hydro-
l o g i c a l and e c o l o g i c a l s t u d i e s and i n p a r t i c u l a r i s an e s s e n t i a l parameter 
i n the c a l c u l a t i o n of e v a p o t r a n s p i r a t i o n r a t e s . The advent of automatic 
weather s t a t i o n s have f a c i l i t a t e d the measurement of s o l a r r a d i a t i o n but 
with the exception of F r a n c i s (1978) and Harding (1979) there have been 
few s t u d i e s of r a d i a n t energy i n the uplands. 
S o l a r r a d i a t i o n f o r the year of study (1977-78) t o t a l l e d 3657 MJ 
—2 
(Table 2.1), the mean d a i l y t o t a l being 10 MJ m• . For comparison, F r a n c i s 
(1978) s t a t e s t h a t the average d a i l y t o t a l r a d i a t i o n i n south -west England, 
_2 
i n c l u d i n g the lowland, i s 11 MJ m whereas Harding (1979) records an 
_2 
average d a i l y t o t a l of 9 MJ m f o r a s i t e i n the Northern Pennines a t a 
s i m i l a r a l t i t u d e . 
Over the study period (February, 1977 to January, 1978) maximum s o l a r 
r a d i a t i o n occurred i n l a t e s p r i n g (513' MJ m i n May, Table 2.1) and the 
minimum i n winter (85 MJ m~^  i n December, Table 2.1). The low input of 
s o l a r r a d i a t i o n i n wi n t e r i s due to the s h o r t day length, high amounts of 
cloud cover and frequent m i s t s . 
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Table 2.1. C l i m a t i c data f o r the Narrator catchment, February 1977 to January 1978 
Feb Mar Apr May Jun J u l Aug Sept Oct Nov Dec Jan Year 
T o t a l S o l a r R a d i a t i o n 
MJ m"^  
171 256 390 613 392 531 443 350 188 141 85 97 3657 
T o t a l Net Ra d i a t i o n 
MJ 
93 162 227 340 222 315 259 205 86 64 41 -12 2002 
Average D a i l y Temp. 
°c 4.6 6.5 5.6 9.8 11.5 15.1 14.1 11.9 11.2 3.8 6.6 -0.5 
Absolute Maximum 
°c 7.8 9.4 12.2 22.2 25.2 26.8 24.6 20.8 19.2 13.2 12.2 9.8 
Absolute Minimum 
°c 0.2 -6.0 -7.0 -3.2 4.8 5.8 3.6 1.6 2,4 -6,0 -0.2 -6,2 
S o i l Temperatures °C 
15 cm 
30 cm 
60 cm 
Nc Data 
_ i i 
12.6 
11.6 
12.3 
14.6 
14.5 
14.9 
14.2 
15.0 
15.4 
12.5 
12.7 
13.7 
11.0 
11.4 
12.5 
6.3 
6,9 
8.1 
7.0 
6.7 
7.1 
4.3 
5,1 
5.6 
T o t a l R a i n f a l l mm 338 192 105 116 90 58 160 114 131 194 229 264 1991 
No. days more 
than 1 mm r a i n 23 20 17 12 12 8 11 18 17 18 17 20 193 
Temperature: Temperatures are u s u a l l y moderate. Average d a i l y 
o o temperatures f o r the catchment were 15.1 C i n J u l y , 1977 and -0.5 C i n 
January, 1978 (Table 2.1), the seasonal v a r i a t i o n being shown i n Figure 
2.2a. The d i u r n a l v a r i a t i o n can be very g r e a t , both i n summer and winter 
months: f o r example 21*^ C was recorded on 23rd August, 1977 and 15°C on 
28th March, 1977. During the year of study, the h i g h e s t d a i l y maximum 
o o temperature was 26.8 C, recorded i n J u l y , and the lowest was -7,0 C i n 
A p r i l . 
The growing season, measured as the number of days on which mean 
temperature i s above 5.6°C, and thus p l a n t growth begins and continues, 
(Hogg, 1965) was 274 days. T h i s compares with 365 days a t Mount Batten, 
Plymouth and 238 days a t Princetown (Hogg, 1965). 
Soi1 temperatures: These are determined by the p r e v a i l i n g a i r 
temperatures but show a s l i g h t l y damped response. As expected, the 
temperatures i n the lower horizons respond more slowly than those a t 
the s u r f a c e and are s l i g h t l y warmer i n the w i n t e r (Table 2.1). 
R a i n f a l l and snow: During the twelve months of t h i s study, the 
p r e c i p i t a t i o n r e c e i v e d a t the Headweir r a i n gauge i n the lower p a r t of the 
catchment ( F i g u r e 2.1) was 1628 mm, a f i g u r e f a i r l y c l o s e to the long term 
average of 1585 mm recorded at the Redstone r a i n gauge, 1 km to the south 
west. The marked s e a s o n a l i t y and the 50 y e a r average are shown i n F i g u r e 
2.2b. The w e t t e s t months were November to February, when monthly t o t a l s 
exceeded 150 mm. The d r i e s t period occurred i n s p r i n g and e a r l y summer, 
with monthly t o t a l s l e s s than 100 mm. Late August was unusually wet with 
almost 90 per cent of the monthly t o t a l o c c u r r i n g i n the second h a l f of 
the months, the l a r g e s t storm o c c u r r i n g on the 24th August, 1977 v;hen 55mm 
was recorded i n 18 hours. 
I 
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The r a i n f a l l d i s t r i b u t i o n recorded by the network of the r a i n gauges 
p r e s e n t s an i n t e r e s t i n g p a t t e r n , as there appears to be more r a i n f a l l i n 
the v a l l e y than on the higher moorland s l o p e s . Sims (1981) suggests t h a t 
t h i s i n c r e a s e d p r e c i p i t a t i o n may r e s u l t from a i r being f o r c e d to r i s e almost 
v e r t i c a l l y and co o l very q u i c k l y near the v a l l e y head. A f u r t h e r and more 
l i k e l y e x p l a n a t i o n i s t h a t the moorland r a i n gauges were under-recording 
because o f t h e i r exposed p o s i t i o n . When the other r a i n gauges i n the 
v i c i n i t y maintained by the S.W.W.A. were taken i n t o account, the more u s u a l 
p a t t e r n o f r a i n f a l l i n c r e a s i n g with a l t i t u d e emerged. I n the c a l c u l a t i o n 
of the t o t a l annual r a i n f a l l i n t o the catchment the input was c a l c u l a t e d 
from the r a i n gauge a t Headweir ( F i g u r e 2.1) and the nearby S.W.W.A. gauges. 
The i m p l i c a t i o n s o f t h i s f o r the hydro-chemical budget a r e d i s c u s s e d i n 
Chapter 8. The t o t a l annual r a i n f a l l f o r the ar e a v/as 1904 mm f o r the 
study period 14th February, 1977 to 13th February, 1978, The di s c r e p a n c y 
between t h i s t o t a l o f 1904 mm and t h a t o f 1991 mm i n d i c a t e d i n Table 2.1 
a r i s e s from the s l i g h t l y d i f f e r e n t periods under c o n s i d e r a t i o n . Table 2.1 
in c l u d e s a v e r y wet p e r i o d i n e a r l y February, 1977 which was not i n c l u d e d 
i n the study y e a r 1977-78. 
L i t t l e snow f e l l during the period of study so t h a t almost a l l the 
p r e c i p i t a t i o n occurred as r a i n . However, s n o w f a l l i s common i n most y e a r s 
and b l i z z a r d s which occurred i n mid-February, 1978 rendered a c c e s s to the 
ar e a i m p o s s i b l e , with the snow remaining f o r about one month. 
Wind: Winds are g e n e r a l l y strong with the p r e v a i l i n g d i r e c t i o n from 
south west. V/ind v e l o c i t i e s tend to be high, p a r t i c u l a r l y over the exposed 
moorland p l a t e a u . The wind speeds recorded by the anemometer a t Headweir 
were f a i r l y low (1.4 m s'"'") because of the very s h e l t e r e d s i t u a t i o n of the 
instrument. For comparison, the wind speeds a t the c o a s t . Mount Batten, 
Plymouth, were 5.7 m s ^  f o r the same p e r i o d . 
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2.4 Physiography 
The catchment ranges i n e l e v a t i o n from 222 m to 455 m and thus has 
a t o t a l r e l i e f of 234 m ( F i g u r e 2.1), The s l o p e s are g e n e r a l l y moderate: 
about h a l f the slope angles i n the catchment are between 5 and 10° ( F i g u r e 
2.3). The lower p a r t of the v a l l e y i s markedly asymmetrical i n c r o s s 
p r o f i l e as shown i n F i g u r e 2.3. The s t e e p e r s l o p e s face north-north e a s t 
and sire g e n e r a l l y between 15-25°, although i n p l a c e s they are s t e e p e r than 
t h i s , being c l o s e to 30°. These steep s l o p e s are separated from the g e n t l y 
s l o p i n g moorland p l a t e a u by a sharp break i n slope a t around 290 to 310 m, 
which a l s o marks a d i s t i n c t j u n c t i o n between d i f f e r e n t s o i l and v e g e t a t i o n 
types. The p l a t e a u i t s e l f has very low angled s l o p e s of l e s s than 5°, On 
the south-south west f a c i n g v a l l e y s i d e t h i s f e a t u r e of the sharp break i n 
slope i s much l e s s apparent. With the exception of the steep s l o p e s around 
the t o r s , the v a l l e y s l o p e s r a r e l y exceed 12°, and merge i n t o the low angled 
moorland slopes a t about 310 to 335 m 0,D. I n the v a l l e y bottom there are 
a number of sharp breaks i n slope which are the r e s u l t of the t i n streaming 
a c t i v i t i e s d i s c u s s e d above. 
2.5. Geology 
The e n t i r e Narrator catchment i s u n d e r l a i n by Dartmoor g r a n i t e . These 
g r a n i t i c rocks were emplaced as magmas i n Upper P a l a e o z o i c s t r a t a a t the 
end of the Carboniferous period, approximately 280 m i l l i o n y e a r s ago. The 
Dartmoor pluton i s the l a r g e s t and most e a s t e r l y of the g r a n i t e masses i n 
south west England and forms an upward extension of a continuous g r a n i t e 
ridge running about 150 m i l e s from Dartmoor to the I s l e s of S c i l l y ( E x l e y 
and Stone, 1964), 
Many s t u d i e s have recognised the composite nature of the granite, which 
i s thought to have been intruded by s u c c e s s i v e s h e e t - l i k e masses (Dearman, 
1954). O r i g i n a l l y Brammall and Harwood" (1923) suggested t h a t there were 
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four p r i n c i p a l stages i n the emplacement of the g r a n i t e but t h i s was 
l a t e r reduced to three (Brammall and Harwood, 1932), t h e i r stage I , 
represented by f i n e grained b i o t i t e m i crogranite, no longer being 
thought of as a separate phase. The three main phases of i n t r u s i o n 
r e s u l t e d i n : 
1. 'Tor* or 'Giant' g r a n i t e , a coarse p o r p h y r i t i c b i o t i t e 
g r a n i t e which i s g e n e r a l l y the uppermost of the two main 
g r a n i t e s h e e t s . 
2. 'Quarry' or 'Blue' g r a n i t e which i s g e n e r a l l y the lower 
of the VJJO main s h e e t s or intruded i n t o the 'Tor' g r a n i t e . 
3. Minor i n t r u s i o n s , c o n s i s t i n g of dykes of f i n e r grained 
rock which c r o s s e s both the other forms. 
The 'Tor* or 'Giant' g r a n i t e forms most of the t o r s and high l e v e l 
r i d g e s . I t i s d i s t i n g u i s h a b l e by the l a r g e potash f e l s p a r phenocrysts 
averaging 3 to 5 cm i n length, s e t i n a coarse matrix of quartz, much 
b i o t i t e , and o l i g o c l a s e . The 'Blue' g r a n i t e i s a l s o a p o r p h y r i t i c 
b i o t i t e g r a n i t e but there are fewer f e l s p a r phenocrysts and these are 
s e t i n a f i n e grained matrix. These two g r a n i t e s may a l s o be d i s t i n -
guished c h e m i c a l l y : the o l d e r 'Tor' g r a n i t e i s p o t a s s i u m - r i c h whereas 
the younger 'Blue' g r a n i t e i s s o d a - r i c h (Brammall and Harwood, 1932). 
The Dartmoor g r a n i t e i s now b e l i e v e d to r e p r e s e n t a s i n g l e i n t r u s i o n . 
Edmonds e t a l (1975) c o n s i d e r t h a t i t i s l i k e l y t h a t i n t e r n a l d i f f e r e n -
t i a t i o n , together with a s s i m i l a t i o n , produced the r e l a t i v e l y s i l i c a -
d e f i c i e n t , more c a l c i c , i r o n - r i c h , b i g - f e l s p a r g r a n i t e i n the outer p a r t s 
of the pluton. 
A r e p r e s e n t a t i v e m i n e r a l o g i c a l and chemical a n a l y s i s i s presented 
i n Table 2.2 d e r i v e d from the a n a l y s e s of Brammall and Harwood (1932) 
and E x l e y and Stone (1964). Quartz i s the most abundant mineral (Table 2.2a 
and c r y s t a l s up to 1.5 cm a c r o s s a r e frequent. Large potash f e l s p a r 
phenocrysts averaging 3 to 5 cm i n length are a l s o common and are 
r e s p o n s i b l e f o r the p o r p h y r i t i c nature of the rock. 
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Table 2.2a, Modal a n a l y s e s of c o a r s e p o r p h y r i t i c b i o t i t e g r a n i t e 
from Haytor Quarry, E a s t Dartmoor ( E x l e y and Stone, 1964) 
Quartz 40.0 
Potash F e l s p a r 25.3 
P l a g i o c l a s e 19.6 
B i o t i t e 7.0 
Muscovite 3.2 
Tourmaline 2.7 
A p a t i t e 0.3 
Other 1.8 
Table 2.2b. Chemical a n a l y s e s of p o r p h y r i t i c g r a n i t e from ( i ) Burrator| 
Quarry, West Dartmoor, ( i i ) Princetown Quarry, West 
Dartmoor (Brammall and Harwood, 1932), ( i i i ) N arrator 
catchment ( t h i s s t u d y ) . 
( i ) ( i i ) ( i i i ) 
SiO^ 70,79 70,60 72.24 
14.04 14.40 14.91 
0.24 0.45 0.82 
FeO 2.67 2.62 1.25 
MgO 0.74 0.70 0.47 
CaO 1.43 1.48 0.55 
Na^O 2.86 3.00 2.64 
K^O 4.95 5.12 6.90 
H,0^ 0,91 0.93 1.05 
H^O- 0.24 0.22 
TiO^ 0.58 0.35 0.27 
P 0 2^5 0.19 0.23 0.22 
C I • 0.02 0.03 
S 0.01 0.04 
ZrO^ Tr 
MnO 0,07 0.07 0.12 
SrO Tr 
BaO Tr 0.02 • 
Li^O Tr Tr 
Chemical a n a l y s e s (Table 2.2b) with a high proportion o f K^O r e f l e c t 
the dominance of potash f e l s p a r s and put the Dartmoor g r a n i t e i n the c l a s s 
of a l k a l i g r a n i t e s . The r e s t of the rock i s composed of p l a g i o c l a s e 
f e l s p a r s and mica, the l a t t e r u s u a l l y o c c u r r i n g as b i o t i t e , but muscovite 
may be l o c a l l y p r e s e n t . Accessory min e r a l s i n c l u d e tourmaline, z i r c o n 
and a p a t i t e . 
The g r a n i t e has been a f f e c t e d by s e v e r a l kinds o f a l t e r a t i o n . 
T o u r m a l i n i z a t i o n was widespread, with black v e i n s of tourmaline occur-
r i n g i n many a r e a s , K a o l i n i z a t i o n , the hydrothermal a l t e r a t i o n of f e l -
s p a r s to k a o l i n , has r e s u l t e d i n l a r g e d e p o s i t s of c h i n a c l a y a t Redlake 
and Lee Moor to the e a s t and south of the catchment. 
Within the catchment, the v e i n s and dykes with t h e i r v a r y i n g chemical 
composition may have some s i g n i f i c a n c e f o r i n t e r p r e t i n g the water q u a l i t y : 
the ground water flow w i t h i n the s o l i d g r a n i t e w i l l be guided by j o i n t s 
and f i s s u r e s , p o s s i b l y i s s u i n g as s p r i n g s , and thus c o n t a c t with these 
v e i n rocks w i l l a f f e c t the chemical composition of the water, 
2.6. R e g o l i t h 
The g r a n i t e bedrock only outcrops a t the t o r s . These l i e a t or near 
the margins of the catchment; thus s o l i d g r a n i t e i s r a r e l y encountered 
near the s u r f a c e . L i k e most of the drainage ba s i n s on Dartmoor, the 
s o l i d g r a n i t e i s o v e r l a i n by a g r e a t depth of weathered g r a n i t i c m a t e r i a l , 
known as growan. T r i a l boreholes c a r r i e d out i n 1949 as s i t e i n v e s t i g a -
t i o n s f o r the l o c a t i o n of a p o s s i b l e r e s e r v o i r , showed t h i c k n e s s e s o f 
unconsolidated m a t e r i a l i n excess of 35 m i n the Cowsic V a l l e y on Dartmoor 
and around 18 m i n the Hartor V a l l e y , Sandeman (1901) records t h a t during 
excavation of the trench f o r Sheepstor Dam, Bu r r a t o r , s o l i d g r a n i t e was 
reached a t depths of between h a l f a metre and 12 metres wi t h wedge shaped 
f i s s u r e s extending down to 33 metres i n t o the g r a n i t e . The decomoosed 
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g r a n i t e was recorded as becoming harder with depth and merging i n t o hard 
rock, i n some c a s e s with a sudden t r a n s i t i o n . Within the Narrator Brook 
V a l l e y the unconsolidated m a t e r i a l a t one point i n the v a l l e y bottom i s 
known to be g r e a t e r than 35 m, but no information i s as y e t a v a i l a b l e 
on depths of decomposed g r a n i t e on the v a l l e y s i d e s . T h i s unconsolidated 
m a t e r i a l f r e q u e n t l y c o n t a i n s l a r g e unrotted boulders. Within the top 
few metres l a y e r i n g i s present, and such bedded d e p o s i t s have been a t t r i -
buted by v a r i o u s workers (Waters, 1964) to the a c t i o n of p e r i g l a c i a l 
s lope p r o c e s s e s . The 'bedding' i n t h i s migratory l a y e r (Brunsden, 1964) 
has c o n s i d e r a b l e s i g n i f i c a n c e f o r p r e s e n t day water movement on the v a l l e y 
s i d e s l o p e s (see s o i l d e s c r i p t i o n below). 
The o r i g i n of growan i s fundamental to an explanation of t o r formation 
and the e v o l u t i o n of landforms i n g e n e r a l on Dartmoor. There are s e v e r a l 
c o n f l i c t i n g views on i t s o r i g i n . L i n t o n (1955), Waters (1957) and Brunsden 
(1964) a t t r i b u t e the a l t e r a t i o n of g r a n i t e to chemical weathering during 
a T e r t i a r y t r o p i c a l phase. F i e l d evidence c i t e d by Brunsden (1964) f o r 
a chemical weathering o r i g i n i n c l u d e f e a t u r e s such as a b i o t i t e weathering 
f r o n t , e l u v i a t i o n of c l a y m i n e r a l s , a zoning of the weathering h o r i z o n s 
with g r e a t e s t breakdown near the s u r f a c e and a downward i n c r e a s e of s o l i d 
rock. Seismic work by Eden and Green (1971) a t three s i t e s near Princetown 
i n d i c a t e s t h a t the growan extends 2-5 m i n depth and i s u n d e r l a i n by s o l i d 
rock. T h i s f i e l d study thus confirms t h a t the o r i g i n of growan i s 
a t t r i b u t a b l e to a downward a c t i n g p r o c e s s , namely atmospheric weathering. 
However, Palmer and Neilson (1962) where they recognise growan, argue 
t h a t f r o s t a c t i o n or p a r t i a l pneumatolysis; t h a t i s , hydrothermal a c t i v i t y 
has c o n t r i b u t e d to the rock breakdown. S i m i l a r l y , Te Punga (1957) 
d i s c u s s i n g growan on Bodmin Moor, a t t r i b u t e s i t s o r i g i n to mechanical 
d i s i n t e g r a t i o n during the P l e i s t o c e n e . 
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Laboratory evidence i s r a t h e r c o n f l i c t i n g . Great stress has been 
placed on the lack o f clay and the l i t t l e apparent a l t e r a t i o n of the 
f e l s p a r s , which suggests a mechanical or p e r i g l a c i a l o r i g i n (Doornkamp, 
1974). However, Eden and Green (1971) s t a t e t h a t t e x t u r a l and minera-
l o g i c a l analyses confirm a weathering o r i g i n , the low clay content 
being a t t r i b u t a b l e t o l i m i t e d decomposition. 
A l l i e d work on the formation of china c l a y may provide f u r t h e r 
clues to the o r i g i n of growan. K e l l e r (1976), using a scanning e l e c t r o n 
microscope, demonstrated t h a t the t e x t u r e o f china c l a y was c o n s i s t e n t 
w i t h t h a t o f supergene weathering. This i s supported by f l u i d i n c l u s i o n 
s tudies which suggest t h a t the weathering took place a t low temperatures. 
Bristow (1977) and Sheppard (1977) invoke a two-stage sequence i n v o l v i n g 
both hydrothermal and supergene processes. I n the hydrothermal phase a 
s o f t e n i n g up process rendered the g r a n i t e susceptible to l a t e r supergene 
a c t i v i t y , d u r i n g which the formation o f k a o l i n i t e as w e l l as growan took 
place. Ideas concerning the o r i g i n o f growan may need to be modified as 
a r e s u l t o f t h e i r work. 
Ground water storage: These s u p e r f i c i a l deposits provide an a q u i f e r 
f o r ground water storage, i n f l u e n c i n g both catchment hydrology and stream 
chemistry by p r o v i d i n g a large r e s e r v o i r o f water. The stream tends t o 
have a constant chemical composition since the residence time i s s u f f i c i e n ' 
to reach p a r t i a l e q u i l i b r i u m . Because o f the great extent o f these 
deposits and the size o f the a q u i f e r , t h e i r importance to t h i s study 
cannot be over-emphasised. 
2.7. S o i l s 
2.7.1. S o i l types and d e s c r i p t i o n s 
Two p r i n c i p a l s o i l types are present i n the Narrator catchment as 
w e l l as being more widespread on Dartmoor (Clayden and Manley, 1964; 
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Harrod et a l , 1976). Typical brown podzolic s o i l s o f the Moretonhampstead 
ser i e s occupy the enclosed land on the v a l l e y sides, and ironpan s t a g -
nopodzols of the Hexworthy series are found widely over the moorland 
plateau and upper catchment (Figure 2.4). I n a d d i t i o n there are two 
peaty s o i l s : the Blackland s e r i e s , a t y p i c a l humic gley or peaty gley 
and the Princetown s e r i e s , a cambic stagnohumic gley or blanket bog. 
The former i s confined to the flushes and poorly drained areas i n the 
v a l l e y bottom whereas the l a t t e r i s located on the moorland plateau 
(Figure 2.4). 
Moretonhampstead s e r i e s : (Plate 2.2). This i s a brown podzolic s o i l , 
also termed an acid brown ea r t h . These s o i l types are considered by B a l l 
(1966) t o be intergrades between brown earths and podzols. They possess 
a s i g n i f i c a n t accumulation of sesquioxides i n the B horizon, but u n l i k e 
the podzols, t h i s i s the r e s u l t o f the weathering o f s i l i c a t e minerals 
i n s i t u r a ther than i l l u v i a t i o n from an E horizon. Crompton (1960) 
suggests t h a t brown podzolic s o i l s developed from brown earths as the 
r e s u l t o f d e f o r e s t a t i o n i n the uplands. He proposed t h a t the removal 
of f o r e s t caused a reduction i n n u t r i e n t c y c l i n g which i n combination 
w i t h reduced i n t e r c e p t i o n losses l e d to greater leaching o f the s o i l 
p r o f i l e and hence a more acid s o i l . 
I n the f i e l d , the Moretonhampstead series i s characterised by 
Harrod et a l (1976) as f o l l o w s : 
a. Dark coloured, o f t e n humose surface horizon. 
b. Gravelly sandy s i l t loam t e x t u r e . 
c. Brown or ochreous (chroma of 6 or more) s u b s o i l , 
A t y p i c a l p r o f i l e f o r the Moretonhampstead se r i e s i s described i n 
Table 2.3, and of p a r t i c u l a r note i s the f r a g i p a n o c c u r r i n g a t 70-90 cm 
depth. This i s o f widespread occurrence. F i t z p a t r i c k (1956) suggests t h a t 
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Table 2.3. S o i l d e s c r i p t i o n o f the Moretonhampstead s e r i e s 
(terminology f o l l o w i n g Hodgson, 1976). 
Name : Moretonhampstead s e r i e s - Typical brown podzolic. 
L o c a l i t y : Narrator Brook Valley, W. Dartmoor. Grid Ref : 581685 
Elevation : 265 m O.D. Slope and aspect : North North East. 12° 
Drainage class : f r e e . _ Geology : g r a n i t e . Vegetation : acid grassland 
Land use : rough grazing. 
Horizons : 
0-25 cm 
A 
25-45 cm 
BS 
45-65 cm 
B/C 
Brown to dark brown (7.5 y r 4/4). Humose coarse 
sandy loam. Many very small stones aind sub-
angular g r a i n s . Fragments subangular blocky, 
peds only weakly developed; no f i s s u r e s v i s i b l e . 
Abundant very f i n e f i b r o u s r o o t s . Clear smooth 
boundary, 
Strong brown (7.5 y r 5/6). Coarse sandy loam; 
common small stones and common very small stones 
both subangular; apedal massive; no f i s s u r e s 
v i s i b l e ; no macropores; very f i n e f i b r o u s r o o t s ; 
earth worm burrows w e l l pronounced penetrate 
horizon over 20 per cent. Not very c l e a r 
t r a n s i t i o n a l boundary. 
Strong brown (7.5 y r 4/6). G r i t t y sandy loam; 
organic matter s t i l l present; common subangular 
medium stones, common subangular very small stones; 
apedal massive; no f i s s u r e s v i s i b l e , no macropores; 
common very f i b r o u s r o o t s . 
65-70 cm 
Ch 
Wet humose la y e r ; no f i n e s , only subangular very 
small stones. Sharp boundary. 
70-78 cm 
Cx 
Brown (7,5 y r 4/4). Coarse sand; abundant very 
small stones; many large stones removed at the 
depth during d i g g i n g ; stones are close together; 
no f i s s u r e s ; few f i n e f i b r o u s r o o t s ; l o c a l i s e d 
occurrence of fr a g i p a n (T. Harrod pers. comm.) 
w i t h some worm burrows. 
78-250 cm + 
C 
Very pale brown (10 y r 7/4); coarse sand, 
extremely abundant very small subangular stones 
( 2 mm); common small stones w i t h r o t t e d 
f e l s p a r c r y s t a l s i n s i t u . H o r i z o n t a l l a y e r s 
occur o f reddish yellow (5 yr 6/6) and i r o n 
s t a i n i n g o f reddish yellow (7.5 y r 6/8) may 
be the r e s u l t o f weathering. 
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the fragipan i s i n h e r i t e d from the permafrost l a y e r , being formed at the 
lowest l i m i t o f summer thawing during the Pleistocene. This has r e s u l t e d 
i n the layer tending to have a p l a t y s t r u c t u r e w i t h the stones being 
h o r i z o n t a l l y o r i e n t a t e d . Two other c h a r a c t e r i s t i c s are a high density 
and low pe r m e a b i l i t y which are p a r t i c u l a r l y s i g n i f i c a n t f o r water move-
ment ( F i t z p a t r i c k , 1956). Crampton (1965) notes t h a t the p e r c o l a t i o n o f 
water through the horizon i s very slow so t h a t most o f the water i s 
d e f l e c t e d l a t e r a l l y . I n the Narrator catchment t h i s indurated horizon 
i s o f great importance i n the c o n t r o l o f i n t e r f l o w . 
Another i n t e r e s t i n g f e a t u r e i s the evidence o f b i o l o g i c a l a c t i v i t y 
which occurs i n some p i t s . For example, i n f i l l chambers occur throughout 
the p r o f i l e and one chamber 6-7 cm across was found a t 80 cm depth. 
Stagnopodzols, also known as peaty gleyed podzols, have a c o n t r a s t i n g 
i r o n d e f i c i e n t e l u v i a l horizon o l i v e grey i n colour, and an i r o n r i c h r u s t y 
coloured horizon due to the downward t r a n s l o c a t i o n o f sesquioxides. 
Podzolisation occurs i n mineral s o i l s beneath a surface organic l a y e r 
accumulated under acid c o n d i t i o n s . I r o n and aluminium released by 
weathering o f the s i l i c a t e minerals are mobilised by the organic a c i d 
and c a r r i e d down t o lower horizons where they are redeposited. 
Hexworthy s e r i e s : (Plate 2.3)- This i s an ironpan stagnopodzol 
characterised by Harrod e t a l (1976) as f o l l o w s : 
a. Peaty surface horizon. 
b. Grey mottled e l u v i a l horizon. 
c. Thin i r o n pan. 
d. A sesquioxide r i c h horizon w i t h b r i g h t colours beneath the pan. 
e. Gravelly loam t e x t u r e s . 
A t y p i c a l p r o f i l e o f the Hexworthy se r i e s i s described i n Table 2.^. 
I n t h i s p r o f i l e the i r o n pan i s of p a r t i c u l a r importance i n impeding 
v e r t i c a l water movement and i n i t i a t i n g both l a r e r a l water flow w i t h i n the 
s o i l p r o f i l e and eventually saturated overland flow i n the moorland areas. 
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Table 2.4. S o i l d e s c r i p t i o n o f the Hexworthy s e r i e s (terminology 
f o l l o w i n g Hodgson, 1975) 
Name : Hexworthy s e r i e s - I r o n pan stagnopodzol. 
L o c a l i t y : Narrator Brook V a l l e y , W. Dartmoor. Grid r e f : 580682 
Elevation : 293 m O.D. Slope and aspect : North North East. 12° 
Drainage class : impeded above i r o n pan, f r e e below; 
Geology : g r a n i t e Vegetation : acid grassland Land use : rough grazing 
Horizons 
0-19 cm Very dark brown (7.5 y r 2.5/1). Peaty greasy 
Ah horizon; organic matter w e l l mixed at surface; 
humose loamy f i n e sand; very f i n e r u s t y mottles 
l i n i n g r o o t channels; few very small stones 
subangular, and common medium stones; apedal massive; 
many very f i n e f i s s u r e s ; many f i n e f i b r o u s r o o t s ; 
wavy boundary. 
19-36 cm Brown (7.5 y r 4/2); coarse loamy sand; organic 
E matter not w e l l incorporated; fewer mottles 
l i n i n g r o o t channels; common very small stones 
subangular; apedal massive; many very f i n e 
f i b r o u s r o o t s ; sharp i r r e g u l a r boundary. 
36 (.m Thin hard continuous i r o n pan 2 mm t h i c k ; 
Bf dusky red (2.5 y r 3/2); very contorted i n places. 
36-42 cm Strong brown (7.5 y r 5/6); coarse sand; no organic 
Bs matter; common very small and common small sub-
angular stones; very f i n e f i s s u r e s ; d i f f u s e 
boundary p a r a l l e l t o i r o n pan. 
42-220 + cm L i g h t brown (7,5 y r 6/4) coarse sand; no 
B/C organic matter; common very small and common small 
subangular stones; many mica f l a k e s ; apedal 
s i n g l e g r a i n . 
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Princetown s e r i e s : This s o i l i s characterised by a t h i c k peaty 
surface horizon and i s o f t e n associated w i t h the Hexworthy s e r i e s , being 
d i s t i n g u i s h e d by i t s deeper peaty surface and lack o f i r o n pan. The 
s o i l i s found i n a poorly drained area o f the moorland plateau w i t h 
mainly l i n e a r but w i t h some concave facets (Figure 2.4). 
Blackland s e r i e s : Characterised by a black amorphous peat horizon 
o f t e n exceeding 1 m i n depth w i t h a s t r o n g l y mottled subsurface horizon, 
i t i s i n some respects s i m i l a r t o the Princetown s e r i e s . However, t h i s 
s o i l i s only located i n the v a l l e y bottom, occupying permanently sa t u r a t e d 
s i t e s g e n e r a l l y associated w i t h springs and flushes (Figure 2.4). 
A knowledge o f the various s o i l types found i n the catchment i s 
important i n understanding i t s hydrology. The r e l a t i o n s h i p between s o i l 
type and run o f f w i l l be discussed below. 
2.7.2. S o i l c h a r a c t e r i s t i c s i n the catchment 
Moisture content: The s p a t i a l d i s t r i b u t i o n o f moisture content i s 
influenced by a number o f f a c t o r s such as slope angle and vegetation 
type, but the two most important c o n t r o l s were found t o be s o i l type 
and slope aspect. The h i l l peats on the g e n t l y s l o p i n g plateau have the 
highest moisture content, the peaty surface horizon being able t o r e t a i n 
moisture w h i l s t the subsurface horizons impede s o i l drainage. For the 
mineral s o i l s slope aspect exerts an important i n f l u e n c e : the s o i l 
moisture content o f s i t e s sampled on no r t h f a c i n g slopes i s approximately 
double those o f south f a c i n g ones. The l a t t e r receive more s o l a r 
r a d i a t i o n and hence are warmer, w i t h greater evapotranspiration t a k i n g 
place. 
Loss on i g n i t i o n : This represents the organic matter present. The 
surface horizons o f peat ranged from 60-80% whereas those o f the mineral 
s o i l ranged from 8-15%. I n a l l s o i l p r o f i l e s the organic matter content 
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decreased w i t h depth. 
pH: The s o i l s i n the catchment are characterised by t h e i r low pH. 
This i s due t o the coarse ,textured a c i d parent m a t e r i a l w i t h low base 
content together w i t h high r a i n f a l l and leaching o f the s o i l minerals. 
The surface horizons o f the peaty moorland s o i l s have a pH o f about 4.0 
w h i l s t those o f the mineral s o i l s are about 4,5. I n a l l s o i l s the pH 
increases w i t h depth, the t r e n d being associated w i t h a decrease i n 
organic matter. 
Exchangeable c a t i o n s : This depends on the amount and type o f c l a y 
and organic matter present. Since the c l a y content o f s o i l s i n the 
catchment i s very low, t y p i c a l l y less than 5%, and the dominant cla y 
present i s k a o l i n i t e , which has a low exchange capacity, the c a t i o n 
exchange capacity (C.E.C.) of the s o i l can be a t t r i b u t e d mainly t o the 
presence o f organic matter. 
The C.E.C. of two s o i l p r o f i l e s described i n Tables 2.3 and 2.4 
o f the Moretonhampstead se r i e s and the Hexworthy s e r i e s , were i n v e s t i -
gated i n d e t a i l . The r e s u l t s are presented i n Table 2.5 and Figure 2.5a,b 
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Table 2.5. Cation exchange capacity (m. e./lOOg), per cent base 
s a t u r a t i o n and exchangeable cations (m.e./lOOg) o f 
two s o i l s i n the Narrator catchment. 
a. Moretonhampstead s e r i e s Grid r e f : 581685 
P r o f i l e Cation Per cent Exchangeable 
depth exchange base cations 
(cm) capacity s a t u r a t i o n Na K Ca Mg 
0-25 18.2 2.6 0.07 0.11 0.18 0.12 
25-45 14.1 4.8 0.05 0.04 0.54 0.06 
45-65 21.4 5.6 0.06 0.14 0.86 0.15 
65-70 10.6 8.3 0.07 0.09 0.57 0.15 
70-100 12.6 3.9 • 0.06 0.07 0.30 0.07 
100-120 6.5 9.7 0.06 0.06 0.41 0.10 
b. Hexworthy s e r i e s Grid r e f : 580682 
P r o f i l e Cation Per cent Exchangeable 
depth exchange base cations 
(cm) capacity s a t u r a t i o n Na K Ca Mg 
0-19 35.7 2.0 0.10 0.19 0.13 0.29 
19-36 9.3 2.9 0.08 0.11 0.03 0.04 
36-42 7.3 2.8 0.06 0.08 0.03 0.04 
42-220 6.3 6.0 0.13 0.04 0.15 0.05 
The C.E.C, o f the Moretonhampstead se r i e s declines from about 20 m.e 
per lOOg i n the surface horizons to about 10 m.e. per lOOg a t depth, the 
decrease being associated w i t h t h a t o f organic matter. The C.E.C. o f the 
Hexworthy s e r i e s i s about 36 m.e, per lOOg i n the Ah horizon d e c l i n i n g t o 
about 6 m.e. per lOOg a t depth. This C.E.C. i s higher than t h a t o f the 
Moretonhampstead se r i e s because o f the higher organic matter content 
(43 and 31 per cent r e s p e c t i v e l y ) . These values correspond w e l l w i t h 
those found i n the l i t e r a t u r e although peaty surface horizons (Oh) o f 
the Hexworthy se r i e s may exceed 100 m.e. per 100 g (Harrod e t a l , 1976). 
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Base s a t u r a t i o n i s the r a t i o o f the sum o f the cations to C.E.C, 
In a c i d i c parent m a t e r i a l s such as g r a n i t e i t i s a measure o f how large 
a p a r t o f the C.E.C. i s s a t i s f i e d by hydrogen (H"*") and aluminium (Al"^"^) 
ions. Base s a t u r a t i o n i n both s o i l s increases w i t h depth as pH increases. 
The exchangeable cations show an i n t e r e s t i n g p a t t e r n , d e c l i n i n g from the 
surface horizon to 32 cm depth i n the Hexworthy se r i e s and from 46 cm 
to 95 cm depth i n the Moretonhampstead s e r i e s . I n both s o i l s t h i s decrease 
i s r e l a t e d to water movement through the s o i l p r o f i l e s . 
C.E.C. o f the s o i l i s o f great importance because i t influences the 
s o l u t e chemistry. Mineralogy c o n t r o l s which minerals are weathered and 
the amounts o f elements a v a i l a b l e f o r leaching, but the exchange capacity 
i s able to r e g u l a t e t h e i r l o s s . Thus the ions input by p r e c i p i t a t i o n 
and weathering i n t o the s o i l s o l u t i o n can be buf f e r e d against leaching 
losses and n u t r i e n t uptake. The a b i l i t y o f the peaty s o i l s t o r e t a i n 
ions input from the atmosphere because o f t h e i r high c a t i o n exchange may 
be important to the stream chemistry. However, f o r mineral s o i l s w i t h 
t h e i r lower exchange capacity i t i s o f lesser importance because o f t h e i r 
l esser a b i l i t y t o regulate the system, 
2.8. Vegetation 
A wide range o f vegetation communities are found i n the Narrator 
catchment, many of which are t y p i c a l of Dartmoor as a whole. Kent & 
Wathern (1980) d e l i m i t e d a number o f communities on the basis of f l o r i s t i c 
composition, o f which the f o l l o w i n g are the major ones: 
1. S i t k a spruce f o r e s t (Picea s i t c h e n s i s ) 
2. Acid grassland 
3. Acid grassland e x t e n s i v e l y invaded by bracken (Pteridium ..a^quilinum) 
4. Heather moorland (Calluna v u l g a r i s ) 
5. Blanket bog 
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S i t k a spruce f o r e s t : The f o r e s t i s about 570 ha i n siz e or 12 per cent 
o f the basin area and i s s i t u a t e d i n the lower catchment (Figure 2.6,), 
The main growing stock i s s i t k a spruce (Picea s i t c h e n s i s ) and l a r c h 
( L a r i x decidua) although there are a few stands o f Scots pine (Pinus 
s y l v e s t r i s ) and Douglas f i r (Pseudotsuga m e n z i e s i i ) . The choice o f 
species was r e s t r i c t e d t o trees able to b e n e f i t from the long growing 
season i n wet and exposed c o n d i t i o n s . 
The trees were established i n the interwar years and have now reached 
m a t u r i t y . Most are shallow r o o t i n g , g e n e r a l l y less than 1 m, p a r t i c u l a r l y 
i n areas prone t o waterlogging, and hence n u t r i e n t c y c l i n g i s l i m i t e d t o 
the surface horizons o f the s o i l . Stand density i s q u i t e v a r i a b l e , 
ranging from about 20 t o 40 trees per hectare. I n many places the canopy 
i s open w i t h grass and bryophytes growing beneath the t r e e s , whereas i n 
others the canopy i s closed, w i t h only leafL l i t t e r covering the surface. 
Further up the v a l l e y there i s a small area o f oak f o r e s t , being 
about 2 ha i n extent. 
Acid grassland: Acid grassland i s c h a r a c t e r i s t i c o f formerly 
enclosed upland pastures and covers about 1000 ha, o f which 850 ha are 
invaded by bracken (Figure 2.6). Of the remainder, Agrostis tenuis i s 
dominant w i t h Festuca ovina subdominant. A number of herb species are 
also present such as lady's bedstraw (Galium s a x a t i l e ) and t o r m e n t i l 
( P o t e n t i l l a e r e c t a ) , 
Acid grassland e x t e n s i v e l y invaded by bracken (Figure 2,6): The 
m a j o r i t y o f the acid grassland on the d r i e r steeper slopes has now been 
invaded by bracken. Agrostis t e n u i s i s the dominant grass growing beneath 
the bracken where i t has only r e c e n t l y invaded, Holcus m o l l i s , as w e l l 
as a number of herbs may also be present. Where bracken has become w e l l 
established there i s no ground f l o r a because o f the shading e f f e c t o f 
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bracken and the t o x i c i n f l u e n c e o f the l i t t e r leachate suppressing other 
spec i e s . 
Blanket bog: Blanket bog and heather moorland cover about 3300 ha 
of the catchment and are found over the e n t i r e upper catchment around 
Eylesbarrow Down and Yellowmead Down (Figure 2.5). Blanket bog i s the 
most extensive vegetation type and i s characterised by Mo l i n i a caerulea 
and Sphagnum sop. These species dominate on the wetter s i t e s . 
Heather moorland: On the steeper slopes i n the upper catchment where 
i t i s d r i e r , Calluna v u l g a r i s and Vaccinium m y r t i l l u s are dominant. Other 
species associated w i t h t h i s community are Erica t e t r a l i x and Agrostis 
setacea. 
I n t h e i r survey o f the catchment vegetationi Kent and Wathern (19S0) 
found t h a t two groups o f f a c t o r s were important i n determining the com-
p o s i t i o n and d i s t r i b u t i o n o f the vegetation: s o i l moisture and associated 
pH, s o i l depth and slope angle comorising the most s i g n i f i c a n t group o f 
v a r i a b l e s , and b i o t i c f a c t o r s such as grazing pressure and burning the 
other. 
There i s a very close r e l a t i o n s h i p between the vegetation and s o i l 
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types. The moorland vegetation, the heath and blanket bog communities 
are associated w i t h h i l l peat w h i l s t the grassland and f o r e s t are confined 
t o the brown podzolic s o i l s . 
The d i f f e r e n c e s i n the vegetation types formed the basis of the 
experimental design, discussed below i n Section 3.1 J because o f t h e i r 
e f f e c t on the s o l u t e pathways. These d i f f e r e n c e s are a f u n c t i o n o f 
v a r i a t i o n s i n species physiology and physiognomy. For example, s i t k a 
spruce i n t e r c e p t s r a i n f a l l and changes both the q u a n t i t y o f water and 
the q u a l i t y i n the system. S i m i l a r l y , bracken i s able t o modify i n c i d e n t 
r a i n f a l l , but u n l i k e s i t k a spruce, only has a short growing season, growing 
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a c t i v e l y from l a t e s p r i n g to e a r l y autumn. 
2.9. Hydrology 
The Narrator Brook appears on the 1:10,560 Ordnance Survey map, 
which i s the l a r g e s t scale topographic map a v a i l a b l e f o r the area, as 
a second order stream w i t h 8 f i r s t order t r i b u t a r i e s and a t o t a l l e n g t h 
of 4.5 km. However, t h i s f a i l s t o take account of many n a t u r a l channels 
and drainage ditches which supply large q u a n t i t i e s o f water to the stream. 
F i e l d survey by Murgatroyd (1980) found t h a t the stream i s f o u r t h order 
w i t h 4 t h i r d order t r i b u t a r i e s , 14 second order t r i b u t a r i e s and 44 f i r s t 
order t r i b u t a r i e s (Figure 2.7). 
The channel network has been g r e a t l y i n f l u e n c e d by man during mining 
operations and a f f o r e s t a t i o n . Large d i v e r s i o n s were made by the t i n n e r s 
t o f a c i l i t a t e t h e i r t i n streaming operations and i n some areas the channel 
i s s t i l l r e a d j u s t i n g to t h e i r excavations. Of more s i g n i f i c a n c e to t h i s 
study has been the c r e a t i o n o f ' r i d e s ' or f o r e s t t r a c k s and drainage 
d i t c h e s . These ditches have drained what was p r e v i o u s l y boggy ground -co 
f a c i l i t a t e t r e e establishment and growth. They have f r e q u e n t l y i n t e r -
cepted a permanent s p r i n g and as a r e s u l t the d i t c h e s have become p a r t 
of the perennial drainage net. These drainage channels have extended 
the l ength o f the channel by about 0.75 km. 
The f o r e s t r y operations have also increased the l e n g t h o f the 
ephemeral channels: during wet weather the ditches and f o r e s t ' r i d e s ' 
support surface run o f f and become p a r t of the drainage net. In p a r t i c u l a r 
the r i d e s c a r r y overland flow high i n solutes from decomposing l e a f l i t t e r 
d i r e c t l y i n t o the r i v e r c h a r j i e l . Those tr a c k s which showed evidence o f 
l e a f l i t t e r movement or r i l l s and sandbars are included i n Figure 2.7. 
I n t o t a l there are about 2.68 km o f emphemeral channels, thus a large 
p r o p o r t i o n o f the drainage net (27%) i s ephemeral (Table 2.6). 
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Table 2.6. Composition o f 
f i g u r e s i n km. 
the drainage net 
a f t e r Murgatroyd 
i n the Narrator 
(1980) 
catchment, 
Perennial Ephemeral Total 
Natural channels 6,45 1.05 7.50 
A r t i f i c i a l channels 0.75 1.04 1.79 
Tracks 0.0 0.59 0.59 
Total 7.20 2.68 9.88 
The marshy and peaty areas i n the catchment, together w i t h the 
ephemeral channels, are fundamental to an understanding o f the hydro-
logy o f the Narrator Brook, I n p a r t i c u l a r the boggy s o i l s o f the 
Blackland s e r i e s , s i t u a t e d adjacent t o the r i v e r are permanently 
saturated, being supplied by v a l l e y springs. Hence they are able to 
respond very r a p i d l y t o r a i n f a l l and become a source o f overland flow. 
During the w i n t e r these areas expand c o n t r i b u t i n g even more surface run 
o f f than i n summer. 
The peaty s o i l s o f the Hexworthy and Princetown s e r i e s , s i t u a t e d 
on the moorland plateau are also important sources o f s a t u r a t i o n over-
land flow as explained i n Section 2.7.1, However, there i s a longer 
delay before these areas c o n t r i b u t e r u n - o f f to the stream than f o r the 
v a l l e y f l u s h e s . This i s because f i r s t l y the area i s not permanently 
saturated and so there i s a delay w h i l s t the moisture d e f i c i t i s being 
reduced, and secondly the distance o f flow t o the Narrator Brook i s 
g r e a t e r . 
There are thus three models of h i l l s l o p e hydrology which e x p l a i n 
why the stream i s so f l a s h y : f i r s t l y , the p a r t i a l area c o n t r i b u t i o n s 
i n the v a l l e y , secondly the s a t u r a t e d overland flow from the plateau 
and t h i r d l y the flow from ephemeral channels and t r a c k s . The hydro-
graph i l l u s t r a t e d i n Figure 2.8 shows the stream discharge during a 
t y p i c a l f l o o d and i l l u s t r a t e s the very short lag time o f the Narrator 
Brook. 
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The other f a c t o r which must be borne i n mind when considering the 
stream hydrology i s the large r e s e r v o i r o f groundwater held i n the r o t t e d 
g r a n i t e . The growan acts as an a q u i f e r r e l e a s i n g large q u a n t i t i e s o f 
water to the stream even i n dry weather. Thus during the drought o f 
1976 when many streams i n the South West ran dry, baseflow o f the 
Narrator Brook was 52 1 sec ^ i n d i c a t i n g t h a t the q u a n t i t y o f water i n 
a c t i v e storage i s considerable. Much of t h i s groundwater i s supplied 
to the stream by numerous permanent and i n t e r m i t t e n t springs. The 
hydrology o f the springs i s discussed a t l e n g t h i n Section 7.1. 
During the study p e r i o d , t o t a l discharge f o r the year was 
6,877,000 m'^, mean discharge being 218 1 sec ^ and summer baseflow 
115 1 3ec~^. As w i t h p r e c i p i t a t i o n , discharge showed a very marked 
seasonal p a t t e r n , w i t h the wettest months being from November to March, 
and the d r i e s t from J u l y to September (Figure 2.9). 
I n summary, the stream's hydrology i s c o n t r o l l e d by two sources 
of water: s a t u r a t i o n overland flow from the peaty areas and ephemeral 
channels and groundwater supplied d i r e c t t o the stream or v i a springs. 
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CHAPTER 3 
EXPERir4ENTAL DESIGN 
3.1. Experimental design i n r e l a t i o n t o aims 
Aims: The p r o j e c t was designed to i n v e s t i g a t e the i n t e r - r e l a t i o n s h i p s 
between the h y d r o l o g i c a l pathways and s o l u t e composition o f water i n an 
upland catchment on Dartmoor. The f o l l o w i n g three aims were i d e n t i f i e d 
i n the i n t r o d u c t i o n : 
1. t o measure the s o l u t e chemistry o f water a t p o i n t s along 
the h y d r o l o g i c a l pathway from the atmosphere t o the stream. 
2. t o examine the i n f l u e n c e o f vegetation on the s o l u t e chemistry 
of the h y d r o l o g i c a l pathways. 
3. t o q u a n t i f y the contemporary r a t e o f weathering i n a 
g r a n i t e catchment. 
The experimental design was based on the systems approach. W i t h i n 
the system, the components were then studied a t various l e v e l s . The 
systems approach i s i d e a l l y s u i t e d t o the study o f h y d r o l o g i c a l pathways. 
The various flowpaths considered were d e t a i l e d i n Figure 1.1. By i n t e r -
c e p t i n g and measuring the chemistry o f water moving a t various p o i n t s 
along the h y d r o l o g i c a l pathways, the processes o f weathering and n u t r i e n t 
movement operating there may be s t u d i e d . This may be achieved by 
monitoring the change i n q u a n t i t y and q u a l i t y o f water on a weekly basis 
over the period o f one year. 
Research design: The p r o j e c t was designed to include a number o f 
l e v e l s o f i n v e s t i g a t i o n . The components of study and t h e i r associated 
l e v e l s o f i n v e s t i g a t i o n , as discussed i n Section 1.1,2, are presented i n 
Figure 3.1. Figure 3.2. shows the d e t a i l e d study area and Figure 3.4. 
presents the nested arrangement o f t h i s area, the t r a n s e c t s and monitoring 
s i t e s and t h e i r l o c a t i o n s i n the catchment. The various f a c t o r s considered 
i n the s e l e c t i o n o f the l o c a t i o n s o f each component are d e t a i l e d below. 
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The Narrator catchment was selected as discussed i n Section 2.1, 
as being r e p r e s e n t a t i v e o f Dartmoor. Results o f t h i s study may t h e r e f o r e 
be incorporated i n t o h y d r o l o g i c a l and weathering models f o r the g r a n i t i c 
regions o f south-west England. 
At the catchment l e v e l (Figures 1.2 and 3.1) the black box approach 
may be adopted. From co n s i d e r a t i o n o f the p r e c i p i t a t i o n and stream r u n o f f , 
the h y d r o l o g i c a l budget can be c a l c u l a t e d . S i m i l a r l y by measuring the 
so l u t e inputs i n bulk p r e c i p i t a t i o n and those l o s t i n r u n o f f , a geochemical 
balance can be derived, from which the r a t e o f chemical weathering i n the 
catchment, the t h i r d aim o f the i n v e s t i g a t i o n , can be assessed. 
A smaller area was selected f o r more d e t a i l e d studies (Figures 3.1 and 
3.2). The h i l l s l o p e chosen had a n o r t h - n o r t h - e a s t e r l y aspect where three 
o f the p r i n c i p a l vegetation communities o f Dartmoor were present (Figures 
2.6 and 3.2): 
1. Acid grassland. 
2. Acid grassland e x t e n s i v e l y invaded by bracken. 
3. S i t k a spruce f o r e s t . 
An i n i t i a l attempt was made t o monitor hydrochemical processes under 
moorland but t h i s proved d i f f i c u l t because o f f l o o d i n g o f i n t e r c e p t i o n 
p i t s on the low grad i e n t upper plateau. 
This study area was selected i n p a r t i c u l a r t o i n v e s t i g a t e the second 
aim: the inf l u e n c e o f vegetation on the h y d r o l o g i c a l pathways and i t s 
c o n t r o l on the sol u t e composition. Vegetation physiognomy was important 
w i t h i n the pathways themselves. 
Inf o r m a t i o n on the in f l u e n c e o f vegetation on chemical weathering was 
provided by monitoring water q u a l i t y i n grassland, bracken and s i t k a spruce 
f o r e s t . 
Three tran s e c t s were est a b l i s h e d , one through each o f the ve g e t a t i o n 
types (Figure 3.3 and 3.4). I d e a l l y each would have had the same h i l l 
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slope form and been o f the same le n g t h . Since t h i s was not possible the 
f o l l o w i n g c r i t e r i a were used i n t h e i r s e l e c t i o n : 
1. The vegetation o f each t r a n s e c t should be t y p i c a l o f the 
physiognomy and species composition of the immediate 
surrounding area. 
2. A l l three t r a n s e c t s should have a s i m i l a r slope form w i t h 
a long s t r a i g h t mid-slope segment (Figure 3.3). 
3. Where possible each t r a n s e c t should have a s p r i n g located 
a t i t s base. 
Following these c r i t e r i a the three transects shown i n Figures 3.3 and 
3.4 were es t a b l i s h e d : 
1. Grassland t r a n s e c t (G): 200 m long w i t h a s p r i n g near 
the base o f the slope. 
2. Bracken t r a n s e c t (B): 125 m long, s i t e d 200 m east of 
t r a n s e c t G. 
3. Forest t r a n s e c t ( F ) : 300 m long, w i t h two springs, one 
located mid-slope and the other hear the base. 
Within each t r a n s e c t a s e r i e s o f water q u a l i t y monitoring s i t e s were 
established: f o u r i n the grassland, three i n the bracken and f i v e i n the 
f o r e s t . They were s i t e d a t varying distances from the drainage d i v i d e 
t o assess the i n f l u e n c e o f slope l e n g t h . Distance from the d i v i d e was 
c i t e d by Jamison and Peter*(1967) as being important i n the c o n t r o l o f 
i n t e r f l o w . S i m i l e i r l y , Carson and Kirkby (1972) include a parameter f o r 
distance downslope i n t h e i r i n t e r f l o w production and chemical weathering 
models. Hence the monitoring s i t e s were spaced out downslope e q u i d i s t a n t 
from one another. The only exception was t r a n s e c t F: a b l o c k f i e l d 
occupying p a r t o f the h i l l s l o p e was avoided. The s p a t i a l arrangement o f 
the monitoring s i t e s i s presented i n Figure 3.4 w h i l s t Figure 3.3 shows 
the three slope p r o f i l e s i n e l e v a t i o n together w i t h t h e i r s o i l p r o f i l e s . 
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P l a s t i c g u t t e r i n g was i n s t a l l e d at each monitoring s i t e t o c o l l e c t 
r u n o f f from the t u r f l a y e r and to i n t e r c e p t i n t e r f l o w from the major t e x t u r a l 
horizons i n the p r o f i l e . These c o l l e c t o r s sampled j u s t one p o i n t i n space. 
Other instrumentation was i n s t a l l e d t o monitor bulk p r e c i p i t a t i o n , through-
f a l l , stemflow and s o i l water at a s p e c i f i c p o i n t . These processes and 
t h e i r monitoring devices are discussed f u r t h e r i n Section 3.2. 
3.2. F i e l d procedures 
C o l l e c t o r s were set up to measure the discharge and to sample the 
water at various p o i n t s along the h y d r o l o g i c a l pathways. From t h i s i n f o r -
mation, those p o i n t s along the pathways where s i g n i f i c a n t chemical changes 
are o c c u r r i n g can be i d e n t i f i e d , which i s the f i r s t aim o f t h i s study. 
The pathways i n v e s t i g a t e d , the types o f equipment used and the sampling 
i n t e r v a l are summarised i n Figure 3.5. The basic instrumentation consisted 
o f f o u r r a i n gauges, an i n t e r c e p t i o n s i t e i n the s i t k a spruce f o r e s t , 
twelve overland flow and i n t e r f l o w monitoring s i t e s and a network of 
twenty-three springs. Two gauging s t r u c t u r e s were constructed on the 
Narrator brook i t s e l f . The l o c a t i o n of the monitoring s i t e s i s shown i n 
Figure 3.4, together w i t h the p o s i t i o n o f the other p o i n t c o l l e c t o r s and 
recorders. 
3.2.1. P r e c i p i t a t i o n 
Net p r e c i p i t a t i o n 
Design: Casella Natural Siphon Autographic R a i n f a l l Recorders equipped 
w i t h weekly drum chart mechanisms monitored r a i n f a l l continu^oasly, p r o v i d i n g 
data on p r e c i p i t a t i o n t o t a l s as w e l l as the t i m i n g , d u r a t i o n and i n t e n s i t y 
o f storms. They functioned on the n a t u r a l siphon p r i n c i p l e , siphoning a t 
i n t e r v a l s o f 25 mm, the weekly r a i n f a l l t o t a l being estimated to vyithin 
0.5 mm. The r a i n gauges were i n s t a l l e d w i t h t h e i r rims 0.3 m above ground 
l e v e l . I d e a l l y the gauges would be a t ground l e v e l , but t h i s was not 
possible because of waterlogging problems. This method of i n s t a l l a t i o n 
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r e s u l t e d i n under-recording by the gauges on the moorland plateau. The 
problems o f wind turbulence around exposed r a i n gauges are w e l l known: 
Rodda et a l (1976) estimate t h a t such r a i n gauges may under-record by about 
ten per cent. 
Location: P r e c i p i t a t i o n i n put t o the Narrator catchment was recorded 
by a network o f four autographic r a i n gauges. One gauge was located a t 
Headweir near the catchment e x i t , another was s i t e d i n the v a l l e y bottom 
approximately a t the ' centre o f the catchment and two more were located on 
the plateau, one on the northern f l a n k a t Down Tor and the other on the 
southern f l a n k a t Yellowmead (Figure 3.4). One advantage of t h i s dense 
network was t h a t f a i l u r e o f as many as three gauges would s t i l l leave one 
recording. 
Only the data from the r a i n gauge a t Keadweir were used i n t h i s 
experiment, as stated i n Section 2.3, because o f the problems of exposure 
experienced by the other gauges. 
Bulk p r e c i p i t a t i o n 
Design: The bulk p r e c i p i t a t i o n c o l l e c t o r s used i n t h i s study consisted 
of 12.7 cm diameter funnels d r a i n i n g i n t o 1 l i t r e b o t t l e s . As the c o l l e c -
t o r s were open continuously, the water samples contained both dissolved 
m a t e r i a l i n wet p r e c i p i t a t i o n and water soluble m a t e r i a l from the dry 
f a l l o u t , these two components being termed bulk p r e c i p i t a t i o n by V/hitehead 
and Feth (1964). Some studies have i n s e r t e d a plug o f glass wool i n the 
neck o f the funnel (e.g. Gambell and Fisher, 1966; Foster 1979a) to exclude 
i n s e c t s , leaves and other debris. However, contamination was not a problem 
i n t h i s area and so the f i l t e r was omitted, avoiding problems due to possi b l e 
adsorption o f ions by the glass wool. 
The c o l l e c t i n g funnel was set up 0.3 m high above the ground surface 
at the same height as the r a i n gauges. This was a compromise between the 
minimum height at which s o i l p a r t i c l e s might be splashed i n , and being too 
high, hence a t t r a c t i n g unnecessary a t t e n t i o n from v i s i t o r s . 
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Many o f the problems associated w i t h p r e c i p i t a t i o n samplers are d e a l t 
w i t h by Lewis and Grant (1978) who show t h a t the v a r i a t i o n s i n c o l l e c t o r 
design can lead t o great d i f f e r e n c e s i n the type o f atmospheric f a l l o u t 
c o l l e c t e d , i n t u r n r e s u l t i n g i n g r e a t e r ambiguity i n the i n t e r p r e t a t i o n 
o f r e s u l t s . 
Location: A network o f f o u r o f these funnel gauges was used t o 
c o l l e c t bulk p r e c i p i t a t i o n . The c o l l e c t o r s were i n s t a l l e d a t monitoring 
s i t e s Gl (293 m). G4 (265 m), Bl (302 m) and B3 (272 m) (Figure 3.^) i n 
order t o assess whether there was any v a r i a t i o n i n water chemistry due t o 
a l t i t u d e . 
Duration: Although Douglas (1972) documents the change i n the 
concentration o f solutes d u r i n g a storm, i t was considered i m p r a c t i c a b l e 
t o record v a r i a t i o n s i n such d e t a i l . Water samples were t h e r e f o r e 
c o l l e c t e d f o r a n a l y s i s a t weekly i n t e r v a l s . 
Bulk p r e c i p i t a t i o n chemistry was monitored f o r the p e r i o d 14th 
February, 1977 t o 13th*February, 1978 (Figure 3.6). 
3.2.2. I n t e r c e p t i o n o f t h r o u g h f a l l and stemflow beneath s i t k a . spruce. 
Throughfall 
Design: Various methods have been used f o r measuring and c o l l e c t i n g 
t h r o u g h f a l l ; the p r i n c i p a l methods are presented i n Table 3.1. 
As w i t h the m a j o r i t y o f other t h r o u g h f a l l experiments, t h i s study 
used a simple r a i n f a l l c o l l e c t o r c o n s i s t i n g o f a p l a s t i c funnel d r a i n i n g 
i n t o a l i t r e p l a s t i c b o t t l e . The funnel was supported on a p l a s t i c tube, 
so t h a t i t s o r i f i c e was 0.3 m above the f o r e s t f l o o r . This device was 
easy t o set up, required no c a l i b r a t i o n , u n l i k e t h r o u g h f a l l troughs, and 
provided i n f o r m a t i o n which r e l a t e d t o one s i t e . The l a t t e r was important 
f o r i n v e s t i g a t i n g s p e c i f i c c o n t r o l s on water q u a l i t y , a number o f s t u d i e s 
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Table 3.1. P r i n c i p a l methods used i n t h r o u g h f a l l studies 
Type Sampling Design Study Objective References 
Rain gauge Fixed systematic S p a t i a l d i s t r i b u t i o n o f t h r o u g h f a l l Ford & Deans (1978) 
R a i n f a l l C o l l e c t o r I I S p a t i a l d i s t r i b u t i o n o f t h r o u g h f a l l 
chemistry 
Nihlgard (1970) 
I I Mobile Throughfall c o l l e c t i o n avoiding 
problems o f l e a f d r i p 
Wilm (1943) 
< t _ _ Fixed and randomly 
located r o v i n g gauges 
I n v e s t i g a t i o n o f t h r o u g h f a l l 
chemistry 
A t t i w i l l (l966) 
Throughfall troughs Fixed Sample l a r g e r area than gauge Reigner (1964) 
Rutter e t a l (1971) 
•Large p l a s t i c 
sheet' method 
Fixed Samples greater area than troughs 
and less splash problems 
Calder & Rosier (1976) 
having shown t h a t t h r o u g h f a l l q u a n t i t y (Voight, 1960; Rutter, 1963) and 
chemical composition vary w i t h distance from the t r e e t r u n k . 
A monitoring s i t e c o n s i s t i n g o f s i x t e e n t h r o u g h f a l l c o l l e c t o r s was 
established i n the s i t k a spruce f o r e s t . I n the two t r a n s e c t s gauges 
were arranged one metre apart t o encompass va r y i n g distances from the 
trunks (Figure 3.7). 
Location: The monitoring s i t e was i n s t a l l e d adjacent t o 5F (Figures 
3.4 and 3.7). 
Duration: The c o l l e c t o r s were sampled a t weekly i n t e r v a l s . Four 
gauges were set up on 14th February, 1977 and the m a j o r i t y were sampling 
by 21st March, 1977 (Figure 3.8). 
Stemflow 
Design: Stemflow c o l l a r s s i m i l a r t o those used by Reynolds and 
Henderson (1967) sampled the water running down the t r u n k . Each c o l l a r 
consisted o f a p l a s t i c channel f i x e d to the bark a t an angle of 40° t o 
the h o r i z o n t a l and a p l a s t i c tube t o lead the water to a c o l l e c t i n g b o t t l e 
Location: Two trees a t the t h r o u g h f a l l monitoring s i t e (Figure 3,7), 
adjacent t o 5F (Figure 3.4) were instrumented. 
Duration: Water samples were c o l l e c t e d a t weekly i n t e r v a l s from 21st 
February, 1977 t o 6th February, 1978 (Figure 3.8). 
3.2.3. I n t e r c e p t i o n o f t h r o u g h f a l l and stemflow under bracken 
Design: Throughfall and stemflow under bracken were measured using 
a method s i m i l a r t o t h a t o f C a r l i s l e , Brown and V^fhite (1967) ( P l a t e 3.1). 
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A Im polythene sheet w i t h 15 cm high side w a l l s t o prevent splash-in 
was secured t o the ground before bracken growth began. As the bracken 
emerged i n e a r l y summer, s l i t s were cut i n the polythene t o allow the 
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growing shoots through. Later i n the season, when the bracken was 
estab l i s h e d , the j u n c t i o n between the bracken stems and the polythene 
was sealed using chemically i n e r t p l a s t i c f i l l e r . Water from the device 
was c o l l e c t e d i n a p l a s t i c drum housed i n an i n t e r f l o w i n t e r c e p t i o n p i t . 
Location: Three c o l l e c t o r s were established i n the bracken t r a n s e c t 
adjacent t o monitoring s i t e s B l . B2 and B3 (Figure 3.^^). 
Duration: The equipment was i n s t a l l e d i n A p r i l before the bracken 
emerged. -Water, was c o l l e c t e d f o r analysis f o r the months June to 
October, i n c l u s i v e (Figure 3.9). 
3.2.4. L i t t e r f l Q w and i n t e r f l o w 
A review o f instr u m e n t a t i o n techniques 
Since a major p a r t o f t h i s study i s concerned w i t h the c o l l e c t i o n 
o f i n t e r f l o w i t i s considered necessary t o document the various methods 
devised t o i n v e s t i g a t e t h i s component. The methods may be c l a s s i f i e d as 
f o l l o w s : 
1. Gutter system (Whipkey, 1965). 
2. Pan system (Parizek and Lane, 1970). 
3. Trench system (Ragan, 1968; Dunne and Black, 1970a). 
4. T i l e d r a i n (F.D.E.U., 1976). 
Gutter system: Devised by Whipkey (1965), i t consisted of a s e r i e s 
o f g u t t e r s dug i n t o the s o i l p r o f i l e j u s t below each t e x t u r a l horizon as 
shown i n Figure 3J.0. To maintain good h y d r a u l i c contact between the s o i l 
p r o f i l e and the g u t t e r s , pea gravel was placed against the s o i l mass, 
and each q u a n t i t y of gravel was separated by polythene sheeting. This 
sheeting ensured t h a t the water c o l l e c t e d cair.e only from the appropriate 
horizon; i t also aided the flow from the s o i l face t o the c o l l e c t o r . 
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Knapp (1973) modified V/hipkey's g u t t e r system by i n s e r t i n g the p l a s t i c 
sheeting i n t o the s o i l j u s t below the t e x t u r a l break (Figure 3.10) and 
b a c k - f i l l i n g the g u t t e r w i t h s o i l . 
Pan system: The pan systems are r e l a t i v e l y crude: they consist 
of a metal p l a t e which can be hammered i n t o the s o i l p r o f i l e a t an 
appropriate depth (Figure 3.11a, b and c ) . At the rear there i s a small 
back p l a t e to lead the water i n t o a c o l l e c t o r . Such pan systems have 
been used to monitor overland flow and s o i l wash by i n s e r t i o n i n t o the 
l i t t e r layer (Figure 3.11c; Gerlach, 1967; Schick, 1967). A s i m i l a r 
system was used by Parizek and Lane (1970) to measure i n t e r f l o w (Figure 
3.11a) and Ar n e t t (1974) t o monitor t o p s o i l i n t e r f l o w (Figure 3.11b). 
Arnett designed a trough i n the form o f an open-fronted box d i v i d e d i n t o 
two compartments each 15 cm deep w i t h a back place from which the drainage 
water i s taken to pipes. He claims t h a t the method measures i n t e r f l o w from 
two depths and t h a t by r e p l a c i n g most of the s o i l around the box there i s 
less problem of d i s t o r t i n g the n a t u r a l s o i l moisture movement. The most 
serious problems w i t h t h i s method are i t s lack o f f l e x i b i l i t y , measuring 
i n t e r f l o w from horizons a maximum of 30 cm apart and the f r a c t u r i n g o f the 
s o i l horizons as the pans are i n s t a l l e d . 
Trench system: Possibly the most extensive i n s t a l l a t i o n to monitor 
subsurface r u n o f f was the trench system devised by Dunne and Black (1970a), 
A large trench, 84 m long and up t o 3 m deep was excavated normal to the 
slope, w i t h t i l e drains l a i d t o c o l l e c t the water f l o w i n g i n the t o p s o i l 
and at depth (Figure 3.12). Polythene sheeting was i n s t a l l e d v e r t i c a l l y 
to i n t e r c e p t any l a t e r a l l y moving water as w e l l as to ensure t h a t a l l 
water from the area l e f t v i a a monitoring gauge. The trench was then 
b a c k - f i l l e d w i t h s o i l . I n t h i s way Dunne and Black were able to gather 
h i l l s l o p e drainage from an area of 0.24 ha and c o n t r i b u t e a great deal 
to our knowledge of i n t e r f l o w . However, such a large i n s t a l l a t i o n would 
have been t o t a l l y unacceptable w i t h i n the Dartmoor National Park. 
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T i l e d r a ins: I n a g r i c u l t u r a l areas t i l e drains are a convenient 
method of monitoring s o i l drainage (F.D.E.U. 1975) and s o i l water chemistry 
( P e r r i n , 1965; Foster, 1979). They may be combined w i t h Gerlach troughs 
to monitor both surface and subsurface f l o w from an area as, f o r example, 
i n the Langabeare experiment, Okehampton (F.D.E.U. 1976; Figure 3.13). 
There are many advantages of using a t i l e drainage scheme, i f a v a i l a b l e , 
because no f u r t h e r i n s t a l l a t i o n i s required and there are no v a r i a t i o n s 
i n the flow due to d i s t o r t i o n s i n the flow net. Unfortunately such an 
o p t i o n was not a v a i l a b l e t o t h i s study. 
The g u t t e r system 
I n t h i s study, i n t e r f l o w was monitored using a V/hipkey type g u t t e r 
system (Plates 3.2a, b ) . This was p a r t i c u l a r l y s u i t a b l e f o r i n s t a l l a t i o n 
i n the g r a n i t i c Dartmoor s o i l s f o r the f o l l o w i n g reasons: 
1. I n d i v i d u a l s o i l horizons could be monitored. 
2. Spacings of the g u t t e r s could be v a r i e d to match the s o i l 
horizons i n each p i t . 
3. Stony horizons could be instrumented w i t h minimal 
disturbance to the s o i l face. 
4. Contortions o f the s o i l horizons could be followed. 
One problem associated w i t h i n t e r c e p t i o n p i t s i s t h a t they cause a 
h y d r o l o g i c a l d i s c o n t i n u i t y which d i s t o r t s the flow net (Knapp, 1973; 
Atkinson, 1978). When unsaturated c o n d i t i o n s p r e v a i l , the flow i s d i r e c t e d 
away from the p i t (Figure 3,14a). However, under saturated c o n d i t i o n s , 
the p i t w i l l have the e f f e c t o f a l o c a l 'sink' i n the area, g i v i n g r i s e 
to a flow p a t t e r n d i r e c t e d towards the p i t (Figure 3.14b). 
The presence of the p i t may also a f f e c t the s o l u t e chemistry. This 
i s because the technique may induce a saturated wedge upslope which would 
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not have e x i s t e d under n a t u r a l c o n d i t i o n s (Figure 3.14a, b ) . Weathering 
of s o i l minerals there w i l l thus take place under s l i g h t l y d i f f e r e n t 
c o n d i t i o n s from normal. I n a d d i t i o n , the l o c a l sink e f f e c t w i l l i n f l u e n c e 
the speed o f i n t e r f l o w , and the r a t e o f t r a n s p o r t o f chemical weathering 
products w i l l t h e r e f o r e be increased. This i n t u r n , w i l l accelerate the 
r a t e o f chemical weathering (Berner, 1971). 
Design: The g u t t e r system consisted o f p l a s t i c g u t t e r i n g i n s t a l l e d 
j u s t below the l i t t e r l a y e r and each o f the major horizons (Figure 3.10, 
Plate 3.2a, b ) . Polythene sheeting was i n s e r t e d about 2 cm i n t o the s o i l 
face. Great care was taken not t o d i s t u r b the t e x t u r a l horizon because 
the throughflow moves along the base o f such la y e r s (Kirkby, 1969). The 
polythene, which was 1 m long, was fed i n t o a g e n t l y s l o p i n g g u t t e r which 
conducted water from the s o i l face t o a c o l l e c t i n g b o t t l e o f 1.15 1 
capacity. The g u t t e r was not b a c k - f i l l e d as recommended by Knapp (1973), 
since the residence time o f water would have been increased, a l l o w i n g 
greater o p p o r t u n i t y f o r continued ion-exchange i n the d i s t u r b e d s o i l . 
A l l the m a t e r i a l s used were chemically i n e r t . 
The completed i n t e r c e p t i o n p i t consisted o f 5 or 6 lengths o f 
polythene i n s e r t e d h o r i z o n t a l l y i n t o the s o i l , together w i t h t h e i r 
associated g u t t e r s and c o l l e c t i n g b o t t l e s , held i n p o s i t i o n by a metal 
framework, as shown i n Plates 3.2a, b. Each polythene l e n g t h plus g u t t e r 
corresponded t o a t e x t u r a l horizon. I n instances where these were not 
apparent and the horizon was more than 50 cm t h i c k then, f o l l o w i n g 
Knapp (1973), the s o i l face was a r b i t r a r i l y subdivided and another g u t t e r 
i n s t a l l e d . A s t o u t l i d was placed over the e n t i r e apparatus t o ensure 
t h a t no r a i n entered the p i t d i r e c t l y and t h a t there was no danger t o 
l i v e s t o c k . 
83 
Location: A series o f Whipkey g u t t e r systems was i n s t a l l e d i n each 
o f the veg e t a t i o n t r a n s e c t s , as described i n Section 3.1. Their l o c a t i o n s 
are shown i n Figure 3.4. 
Duration: Samples o f l i t t e r f l o w and i n t e r f l o w from various depths 
were c o l l e c t e d f o r chemical a n a l y s i s f o r the d u r a t i o n o f the experiment 
(Figure 3.15). 
3.2. 5. S o i l Water 
Porous Cup Water Samplers 
Pitman 1900 Model Porous Cup Water Samplers were i n s t a l l e d t o c o l l e c t 
s o i l water samples from depth. They were obtained from the S o i l Moisture 
Corporation, Santa Barbara, C a l i f o r n i a and c o n s i s t o f ceramic cups, pore 
s i z e 20 w i t h outside dimensions o f 4.83 cm width and 6.35 cm l e n g t h , 
attached t o 90 cm and 182 cm o f P.V.C. t u b i n g w i t h a rubber bung on t o p . 
They operate on a vacuum p r i n c i p l e : the a i r i n the tube i s evacuated 
e x e r t i n g a s u c t i o n on the s o i l water around the cup, and i n t h i s way 
s o i l water held a t tensions up t o 0.8 bars may be c o l l e c t e d . 
These s o i l water samplers were i n s t a l l e d because o f the v a r i a b l e 
occurrence o f i n t e r f l o w : none was recorded a t the base o f the bracken 
or f o r e s t t r a n s e c t . They have several advantages over the Whipkey type 
g u t t e r system i n t h a t , p r o v i d i n g the s o i l i s not too dry, s o i l water 
samples can be r e a d i l y obtained and t h e i r i n s t a l l a t i o n i s f a i r l y r a p i d . 
Thus using t h i s system the chemical composition o f s o i l water a t the 
base o f each veg e t a t i o n t r a n s e c t could be compared. 
However, there are also several disadvantages w i t h the method. 
These are caused by disturbance t o the s o i l d u r i n g i n s t a l l a t i o n , the 
unknown o r i g i n o f the sample and the leaching o f s a l t s from the cup 
i t s e l f . I n the stony s o i l s o f the Narrator catchment the samplers 
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could not be augered i n t o p o s i t i o n as recommended, but holes had t o be dug 
to w i t h i n 20 cm o f the r e q u i r e d p o s i t i o n and then d r i l l e d t o the f i n a l 
depth. Although the holes were tamped down w i t h s o i l a f t e r i n s t a l l a t i o n , 
there i s the p o s s i b i l i t y t h a t macropores were created, thereby changing 
the n a t u r a l c o n d i t i o n s . The water c o l l e c t e d from the s o i l w i l l have an 
unknown o r i g i n and might be i n t e r f l o w water held i n the created macro-
pores or held i n the smaller n a t u r a l pores. Perhaps the most serious 
problem i s t h a t unless t r e a t e d , the porous cup w i l l y i e l d several 
m i l l i g r a m s o f calcium, magnesium, sodium and s i l i c o n (Wolffe, 1967). 
Thus p r i o r t o i n s t a l l a t i o n the ceramic cups must be washed i n 1 1 o f 
8 N HCl and then washed i n deionised water (V/ood, 1973). Once the cups 
were i n s t a l l e d , samples f o r the f i r s t two weeks were not analysed to 
minimise possible contamination e f f e c t s . 
Location: A network o f three p a i r s o f samplers was i n s t a l l e d a t 
90 cm and 182 cm depth approximately 10 m t o the side o f G4, B3 and F5 
(Figure 3.4). 
Duration: The samplers were not i n s t a l l e d u n t i l the autumn due 
to delays i n shipment but samples were obtained f o r the period shown i n 
Figure 3.16. During the December p e r i o d , vandalism r e s u l t e d i n the l o t j 
o f samples a t G4, 
3.2.6. Springs 
Instrumentation and Location: The springs and seepages i n the Narrator 
catchment supply much o f the streamwater and t h e r e f o r e are p a r t i c u l a r l y 
important s i t e s f o r monitoring chemical q u a l i t y o f water passing through 
the h y d r o l o g i c a l system (Figure 3.5). For the purposes o f t h i s study, a 
network o f 23 s i t e s was s e l c t e d encompassing most o f the p r i n c i p a l springs 
w i t h i n the catchment area (Figure 3.4). Samples were c o l l e c t e d i n polythene 
b o t t l e s which were completely f i l l e d t o minimise the loss o f carbon d i o x i d e 
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during t r a n s i t t o the l a b o r a t o r y . With the exception o f s p r i n g 8 whose 
flow was r a t h e r diffuse» a l l samples were obtained where the r i s i n g was 
most powerful. The temperatures o f the r i s i n g was also noted down a t the 
time o f c o l l e c t i o n . At three s i t e s , springs 4, 18 and 20, (Figure 3,4) 
V notch weirs were i n s t a l l e d t o monitor s p r i n g discharge. 
Duration: Water samples were c o l l e c t e d a t weekly i n t e r v a l s d u r i n g 
which flow occurred (Figure 3.17) and t h e r e f o r e represent weekly spot 
samples i n co n t r a s t t o the bulk samples o f p r e c i p i t a t i o n and i n t e r f l o w . 
With the exception o f springs 9, 10, 13, 14 and 15 (Figure 3.4), only 
c o n d u c t i v i t y , pH, and s i l i c a were measured i n the l a b o r a t o r y f o r the 
f i r s t s i x months. A f t e r t h i s period a f u l l chemical an a l y s i s was under-
t a k i n g as described i n Section 3.3. 
3.2.7. Streamflow 
I n t r o d u c t i o n : W i t h i n the framework o f t h i s study, the main gauging 
s t a t i o n , located at Headweir, the catchment e x i t (Figure 3.4) was equipped 
to monitor r u n o f f and c o l l e c t r e p r e s e n t a t i v e water samples f o r a n a l y s i s . 
I n a d d i t i o n t o t h i s , a second gauging s t a t i o n , ST2 (Figure 3.4), was 
instrumented t o assess the impact o f a d i f f e r e n t subsystem on the catch-
ment output i n terms o f both q u a l i t y and q u a n t i t y . By i n s t a l l i n g a 
monitoring s i t e a t the boundary between the coniferous f o r e s t and the 
a c i d grassland (Figure 3.4), two nested catchments were established, 
the f i r s t c o n s i s t i n g predominantly o f grassland and moorland and the 
second contain i n g i n a d d i t i o n the s i t k a spruce f o r e s t . This approach 
was f a c i l i t a t e d by the sharp boundaries between the veg e t a t i o n types and 
because the f o r e s t i s contained a t the western, lower-most end o f the 
catchment. 
86 
stream discharge 
A c o n t r o l s e c t i o n was considered t o be the optimum approach f o r 
monitoring discharge and l o c a t i o n o f the gauging s i t e s was th e r e f o r e 
determined by a v a i l a b i l i t y o f a s u i t a b l e s i t e . The major c o n s i d e r a t i o n 
was t h a t the channel should be s t r a i g h t and f r e e from o b s t r u c t i o n s , thus 
f a c i l i t a t i n g accurate determinations o f discharge by the v e l o c i t y - a r e a 
method.. At the main gauging s i t e , Headweir (Figure 3.4), sheets o f 
f i b r e g l a s s 2.5 m high were i n s t a l l e d t o provide a s t a b l e c r o s s - s e c t i o n . 
During the study period a l l water le a v i n g the catchment i n the stream 
passed through the s t r u c t u r e and thus a l l the flo o d s were monitored. 
At the second s t a t i o n (Figure 3.4), v e r t i c a l sheets o f marine plywood 
were erected p a r a l l e l t o the banks. Discharge was obtained by the 
v e l o c i t y - a r e a method as above. The r a t i n g curves f o r the two gauging 
s t a t i o n s are presented i n Figure 3.18. Automatic water l e v e l recorders 
manufactured by OTT, monitored the height o f the stream continuously a t 
s t a t i o n s 1 and 2. 
Stream chemistry 
Samples o f stream water were c o l l e c t e d f o r analysis a t the two 
gauging s t a t i o n s by means o f automatic l i q u i d samplers obtained from 
Northants Engineering Co. Ltd . These consisted o f a cr a t e o f 24 glass 
b o t t l e s evacuated on s i t e by a vacuum pump and a clockwork mechanism t o 
release the vacuum from each b o t t l e i n t u r n a t e i g h t hourly i n t e r v a l s , 
so drawing i n a sample o f stream water. Each b o t t l e i s connected t o 
the stream v i a an i n d i v i d u a l polythene tube, thereby ensuring t h a t the 
samples were kept separate from one another and t h a t contamination was 
minimised. 
Spot sampling the stream at e i g h t h o u r l y i n t e r v a l s was s u f f i c i e n t l y 
i n t e n s i v e w i t h respect t o the aims o f the study, which were t o i n v e s t i g a t e 
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the chemical q u a l i t y o f the Narrator Brook and c a l c u l a t e the geochemical 
output from the area. Studies i n other g r a n i t i c areas such as the Glendye 
catchment, Aberdeen (Reid et a l , 1981) and Hubbard Brook Experimental 
Forest (H.B.E.F.) (Likens e t a l , 1977) demonstrate t h a t stream sampling 
a t weekly i n t e r v a l s was adequate t o e s t a b l i s h an accurate geochemical 
balance. According to Johnson e t a l (1969) the solutes i n stream water 
a t the H.B.E.F. f l u c t u a t e r e l a t i v e l y l i t t l e , so t h a t sampling a t monthly 
i n t e r v a l s would not introduce serious e r r o r s . However, Walling (1974) 
has pointed out t h a t sampling a t weekly i n t e r v a l s i s i n s u f f i c i e n t t o 
document s o l u t e v a r i a t i o n s i n small streams and t h a t d a i l y samples are 
p r e f e r a b l e . I n t h i s experiment, a l l three e i g h t hourly samples per day 
were analysed i n i t i a l l y but i t was soon found t h a t the s o l u t e chemistry 
d i d not vary during base flow. Therefore a f t e r three weeks, w i t h the 
exception o f f l o o d s , only one sample per day was analysed. 
Location: Stream discharge and water q u a l i t y were monitored a t 
Headweir and s t a t i o n 2 (Figure 3.4). I n a d d i t i o n , water samples were 
c o l l e c t e d weekly from Yellowmead Brook a t the boundary between the a c i d 
grassland and moorland and another near i t s e x i t i n t o the Narrator Brook. 
Duration: Detailed records o f stream discharge and water q u a l i t y 
are a v a i l a b l e on a d a i l y basis f o r the Narrator Brook and weekly basis 
f o r Yellowmead Brook (Figure 3.19). 
3.3. Laboratory analyses 
I n t r o d u c t i o n : D e t a i l s o f the l a b o r a t o r y methods used i n t h i s study are 
presented i n t h i s s e c t i o n . Discussion o f the methods and r e p r o d u c i b i l i t y 
o f r e s u l t s are included because the subsequent chapters i n t h i s t h e s i s 
r e l y h e a v i l y on the chemical data generated by the various l a b o r a t o r y 
procedures. 
During the study, a maximum o f 120 samples were c o l l e c t e d each week, 
each water sample being analysed f o r e i g h t chemical parameters. This 
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large number o f samples and analyses imposed c e r t a i n c o n s t r a i n t s on the 
pretreatment, storage, l a b o r a t o r y technique and i t s accuracy. Where p o s s i b l e , 
automated analyses were used since these have the tw i n advantages o f a high 
l e v e l o f r e p r o d u c i b i l i t y and speed i n determination. Sources o f e r r o r 
include preparation o f standard s o l u t i o n s and operator e r r o r . I n order 
t o minimise these sources o f e r r o r a l l analyses were c a r r i e d out by the 
author, and the gr e a t e s t care was taken t o ensure the most accurate 
determinations p o s s i b l e . 
3.3.1. Pretreatment and storage 
There i s much discussion about pretreatment and storage o f water 
samples. Unfortunately much o f i t i s inc o n c l u s i v e . For example, Crisp 
(1966) kept h i s samples f o r a year before a n a l y s i s and I.T.E. (1978) found 
t h a t the major cations showed very l i t t l e change over 90 days. However, 
most a u t h o r i t i e s agree t h a t the i n t e r v a l between c o l l e c t i o n and a n a l y s i s 
should be kept as short as pos s i b l e , the American E^ablic Health Association 
(1971) recommending a maximum period o f 72 hours. 
I n t h i s study, water samples returned t o the la b o r a t o r y were analysed 
w i t h i n a few hours o f c o l l e c t i o n f o r pH and s p e c i f i c conductance, a l l 
other analyses being completed w i t h i n 80 hours. P r i o r t o a n a l y s i s , 25 ml 
subsampies, n e i t h e r f i l t e r e d nor a c i d i f i e d , were stored overnight i n 
b o r o s i l i c a t e glass v i a l s and kept i n the dark a t 5° C t o prevent 
d e t e r i o r a t i o n by m i c r o b i a l a c t i o n . The samples were not frozen since 
t h i s s i g n i f i c a n t l y a f f e c t s both the l e v e l o f calcium and s i l i c a and, 
according t o Rainwater and Thatcher (1960), the o r i g i n a l chemical com-
p o s i t i o n may not be completely r e s t o r e d when the sample thaws. 
3.3.2. Chemical an a l y s i s 
The elements chosen f o r a n a l y s i s were selected on the basis o f the 
aims o f the study, equipment and time a v a i l a b l e . Since the main o b j e c t i v e 
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was to monitor the change i n s o l u t e c o n c e n t r a t i o n s as water passed from 
the atmosphere to the stream, pH and the major c a t i o n s , sodium (Na), 
potassium(K), calcium ( C a ) , and magnesium (Mg) were determined. C h l o r i d e 
( C I ) was analysed because p r e l i m i n a r y experiments showed i t to be the dominant 
anion i n p r e c i p i t a t i o n as w e l l as demonstrating i t s importance as a t r a c e r . 
S i l i c a (SiO^) was determined because i t i s one o f the major ions r e l e a s e d 
by chemical weathering of g r a n i t e ; hence i t i s of p a r t i c u l a r importance 
w i t h i n the t h i r d aim of the study, t h a t the t o t a l l o s s of s i l i c a be known. 
S p e c i f i c e l e c t r i c a l conductance was a l s o monitored s i n c e t h i s i s an i n d i r e c t 
measure of the t o t a l s o l u t e s p r e s e n t . 
A v a r i e t y of methods f o r the a n a l y s i s of f r e s h water have been d e s c r i b e d 
by Hem (1970), Rainwater and Thatcher (1960). Golterman and Clymo (1969), 
American P u b l i c Health A s s o c i a t i o n (1971), C i a c c i o (1974) and A l l e n e t a l 
(1974). The methods adopted i n t h i s study depended on the instruments 
a v a i l a b l e . The techniques and types of equipment used f o r the chemical 
a n a l y s e s are presented i n Table 3.2. 
S p e c i f i c conductance 
S p e c i f i c conductance i s a measure of the a b i l i t y of a s o l u t i o n to 
conduct an e l e c t r i c a l c u r r e n t and provides an estimate of the s o l u t e con-
c e n t r a t i o n of a sample. Si n c e c o n d u c t i v i t y a l s o depends on the temperature 
a t which the measurement was taken, by convention, the r e s u l t s are r e p o r t e d 
a t 25° C. No i n d i c a t i o n of which ions a r e i n s o l u t i o n a r e given but any 
change i n the i o n i c . c o n c e n t r a t i o n i s r e f l e c t e d by a change i n the c o n d u c t i v i t y . 
The c o n d u c t i v i t y was measured u s i n g a c o n d u c t i v i t y meter with a 
temperature compensating c i r c u i t . The temperature compensator was 
a d j u s t e d to the temperature of the water sample so t h a t the r e s u l t could 
be read d i r e c t l y i n pihos/cm""'" a t 25° C. 
£H 
T h i s i s an e x p r e s s i o n of the hydrogen ion c o n c e n t r a t i o n and was 
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Table 3.2. Methods of chemical a n a l y s i s and instrumentation 
Chemical determination A n a l y t i c a l method Instrumentation 
S p e c i f i c e l e c t r i c a l 
conductance 
Co n d u c t i v i t y meter E l e c t r o n i c Switchgear, C o n d u c t i v i t y meter 
PH Combined glase-calomel 
e l e c t r o d e with a pH 
meter 
E l e c t r o n i c Instruments L t d . , pH meter 
Sodium Flame photometry E l e c t r o n i c Instruments L t d . , flame photometer 
Potassium ti 
Calcium Atomic Absorption 
Spectrophotometry 
Instrumentation Laboratory 151 AA/AE 
Spectrophotometer 
Magnesium I I 
S i l i c a Colorimetry Technicon Auto-analyser Mark I I 
C h l o r i d e _ _ i i _ _ 
measured using a pH meter and g l a s s e l e c t r o d e . The e l e c t r o d e was s t a n -
d a rdized i n chemical b u f f e r s a t pH 4 and pH 7 p r i o r to use and the 
temperature compensator a d j u s t e d according to the water temperature. 
Although the pH v a l u e s of the water samples a r e e a s i l y determined, 
A l l e n et a l (1976) warn t h a t the r e s u l t s are d i f f i c u l t to i n t e r p r e t . T h i s 
i s bcause of the i n f l u e n c e of any aluminium present and of b u f f e r i n g by 
the bicarbonate-carbon dioxide system. Any l o s s o f carbon dioxide during 
c o l l e c t i o n , t r a n s p o r t a t i o n or storage w i l l d i s t u r b the pH value (Hem 1970). 
For t h i s reason, the water samples were analysed f o r pH immediately on 
r e t u r n to the l a b o r a t o r y . 
Sodium and potassium 
These elements were determined by a flame photometer v/ith the appro-
p r i a t e f i l t e r , s e t up according to the manufacturer's i n s t r u c t i o n s . The 
a n a l y s i s i s r e l a t i v e l y i n t e r f e r e n c e - f r e e and although aluminium o r the 
other c a t i o n s can cause problems a t high c o n c e n t r a t i o n s , these elements 
were always w e l l below the maximum c o n c e n t r a t i o n l i m i t s suggested. 
To ensure t h a t the r e s u l t s were r e p r o d u c i b l e , a blank value followed 
by a standard were i n c l u d e d every tenth sample. A d d i t i o n a l l y , a stream 
sample was o f t e n measured a number of times through the a n a l y s i s so t h a t 
the c o e f f i c i e n t o f v a r i a t i o n could be c a l c u l a t e d . F r e s h standards were 
prepared each week and o c c a s i o n a l l y stream samples were kept from the 
previous week's a n a l y s i s so t h a t the r e s u l t s could be compared. Thus the 
c o e f f i c i e n t o f v a r i a t i o n g i v e s a measure of r e p r o d u c i b i l i t y whereas the 
percentage d i f f e r e n c e between weeks g i v e s a measure of accuracy (Table 3.3) 
Both sodium and potassium had very low v a l u e s , potassium e x h i b i t i n g the 
higher c o e f f i c i e n t o f v a r i a t i o n and percentage d i f f e r e n c e because of i t s 
low c o n c e n t r a t i o n . Any instrument v a r i a t i o n or n o i s e encountered w i l l 
t h e r e f o r e have g r e a t e r e f f e c t . 
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Table 3.3. C o e f f i c i e n t of v a r i a t i o n and percentage d i f f e r e n c e s o f 
s o l u t e c o n c e n t r a t i o n s f o r the same sample measured i n 
s u c c e s s i v e weeks. 
S o l u t e Mean c o n c e n t r a t i o n C o e f f i c i e n t of Percentage (mgl"^) v a r i a t i o n d i f f e r e n c e 
Sodiuin 7.6 0.5 1.5 
Potassium 0.9 2.5 3.8 
Calcium 1.2 1.4 8.3 
Magnesium 0.9 1.2 2.2 
S i l i c a 6.5 1.4 3,5 
C h l o r i d e 11.3 2.1 5.0 
Calcium and magnesium 
These elements were determined by atomic a b s o r p t i o n spectrophotometry 
The instrument was s e t up f o l l o w i n g the manufacturer's i n s t r u c t i o n s and 
the instrument parameters used are presented i n Table 3.4. The c a l c i u m 
c o n c e n t r a t i o n i s depressed by the presence of s i l i c o n and organic 
matter i n an a i r - a c e t y l e n e flame. S i m i l a r l y , the magnesium concen-
t r a t i o n I S depressed by s i l i c o n and aluminium being p r e s e n t . Lanthanum 
c h l o r i d e i s o f t e n added as a r e l e a s i n g agent, but i n t h i s study the 
i n t e r f e r e n c e was avoided by u s i n g a n i t r o u s oxide f u e l which burns a t 
a higher temperature than the a i r - a c e t y l e n e flame to ensure t h a t a l l 
the c a l c i u m or magnesium present i s i o n i s e d ( I n s t r u m e n t a t i o n L a b o r a t o r i e s 
Handbook. 1976). 
The same experimental procedure to check the s t a b i l i t y of the 
c a l i b r a t i o n was followed as i n the determination of sodium and potassium, 
the zero being checked a f t e r every sample and the standard checked a f t e r 
every f i f t h sample. When a sample exceeded 3 mgl ^ of e i t h e r element, 
the c a l i b r a t i o n curve was no longer l i n e a r and the sample was d i l u t e d . 
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Table 3.4. Instrumentation L a b o r a t o r i e s 151 AA/AE Spectrophotometer 
instrument parameters 
Calcium Magnesium 
L i g h t source Hollow cathode lamp Hollow cathode lamp 
Current 7 m A 3 m A 
V/avelength 422.7 nm 285.2 nm 
S l i t width/band pass 320 ;an/l 320 
Burner head Bo l i n g Boling 
F u e l Nitrous oxide Nitrous oxide 
Flame height 15 mm 12-14 mm 
Flame d e s c r i p t i o n red f e a t h e r , o x i d i s i n g , blue 
s t o i c h o i m e t r i c 
(appearance of yell o w 
f i n g e r s ) 
S e n s i t i v i t y 0.05 mg/1 0.004 mg/1 
l i n e a r up to 3 mg/1 l i n e a r up to 4 mg/1 
C o e f f i c i e n t s o f v a r i a t i o n f o r both elements a r e low, being l e s s than 
2%. However the percentage d i f f e r e n c e f o r calcium i s high a t 8%, but 
t h i s again i s due to the very low calcium c o n c e n t r a t i o n , g e n e r a l l y 
being about 1.0 mgl"'^, and an accuracy of 0.1 mgl""^. 
S i l i c a 
S i l i c a was determined by the molybdenum blue method u s i n g an 
au t o - a n a l y s e r . The b a s i s of the method i s t h a t any s i l i c o n p r e s ent 
r e a c t s with ammonium molybdate to form yel l o w m o l y b d o s i l i c i c a c i d . 
T h i s i s the most important stage i n the process ( T r u e s d a l e and Smith, 
1976; V a r s h a l e t a l , 1978). The m o l y b d o s i l i c i c a c i d i s then reduced 
to l-amino-2-napthol-4-sulphonic a c i d to produce a blue complex which 
can be determined c o l o r i m e t r i c a l l y and i s not a f f e c t e d by e i t h e r the 
colo u r or t u r b i d i t y of the sample a t the wavelength of measurement. 
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The method i s very p r e c i s e ; the same procedure to check the 
c a l i b r a t i o n was adopted as above. The chemistry of determination i s 
extremely s t a b l e , as are the e l e c t r o n i c s of the a u t o - a n a l y s e r , ensuring 
t h a t the accuracy of the r e s u l t s v/as high (Table 3.3). 
C h l o r i d e 
The a u t o - a n a l y s e r was a l s o used i n the determination of the c h l o r i d e 
c o n c e n t r a t i o n . The method depended on the formation of f e r r i c t h i o -
cyanate from the r e a c t i o n between mercuric thiocyanate and c h l o r i d e 
i n the presence o f f e r r i c i o n s . F e r r i c t h i o c y a n a t e has a deep r e d 
c o l o u r p r o p o r t i o n a l to the o r i g i n a l c h l o r i d e c o n c e n t r a t i o n and thus 
the c o n c e n t r a t i o n can be measured by c o l o r i m e t r y . 
The chemistry o f the r e a c t i o n -is l e s s s t a b l e than the s i l i c a t e 
system d e s c r i b e d above and i s n o n - l i n e a r above 20 mgl""^. Thus the 
c t o e f f i c i e n t of v a r i a t i o n and percentage d i f f e r e n c e a r e g r e a t e r than 
f o r s i l i c a (Table 3,3), 
3.4. S o i l a n a l y s e s 
I n t r o d u c t i o n : The s o i l i s a key f e a t u r e o f the study, one purpose of 
which i s to monitor the change i n chemical q u a l i t y o f the h y d r o l o g i c a l 
pathways from the atmosphere t o the stream i n order t o f a c i l i t a t e the 
e v a l u a t i o n of the p r i n c i p a l c o n t r o l s on the s o l u t e s . The s o i l was 
s t u d i e d i n d e t a i l both i n the f i e l d and l a b o r a t o r y f o r two main reasons. 
F i r s t l y , the s o i l i s h y d r o l o g i c a l l y important, i t s p h y s i c a l c h a r a c -
t e r i s t i c s determining the pathway taken; secondly, the s o i l i s 
c h e m i c a l l y important because the water undergoes c o n s i d e r a b l e chemical 
change t h e r e . 
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The s o i l p r o f i l e i n each i n t e r c e p t i o n p i t was d e s c r i b e d u s i n g the 
S o i l Survey F i e l d Handbook (Hodgson, 1976). Each h o r i z o n was d e s c r i b e d 
s y s t e m a t i c a l l y , as i n Tables 2.3 and 2.4, paying p a r t i c u l a r a t t e n t i o n 
to i t s morphology and p h y s i c a l p r o p e r t i e s . S o i l s t r u c t u r e was the most 
fundamental property s t u d i e d because of i t s i n f l u e n c e on s o i l water 
movement. However, i d e n t i f i c a t i o n of an i r o n pan or f r a g i p a n was a l s o 
important. Morphology i s the v i s i b l e e x p r e s s i o n of p a s t chemical 
weathering processes such as h y d r o l y s i s , c h e l u v i a t i o n and p o s s i b l y 
p o d z o l i s a t i o n . V/ater i s i n v o l v e d i n a l l these p r o c e s s e s and thus a 
knowledge of these p r o c e s s e s i s r e q u i r e d to understand the change i n 
water q u a l i t y through the system. 
An a l t e r n a t i v e approach to c o n s i d e r the chemical weathering i n 
the catchment was based on the s o l i d phase of the s o i l . The s o i l has 
been i d e n t i f i e d by a number of authors as the zone of maximum chemical 
weathering (Johnson e t a l , 1969; T r u d g i l l , 1976; Paton, 1978; V e r s t r a t e n 
1980). Chemical weathering i n a s o i l p r o f i l e can be s t u d i e d by 
examining the a l t e r a t i o n of primary m i n e r a l s , a n a l y s i n g the mineralogy 
of the c l a y f r a c t i o n and performing s p e c i f i c chemical t e s t s . 
3.4.1. S o i l c o l l e c t i o n and a n a l y s i s 
Sampling: A 1 kg sample of s o i l was c o l l e c t e d from each horizon and 
s t o r e d i n s e a l e d polythene bags f o r r e t u r n to the l a b o r a t o r y i n f i e l d -
moist c o n d i t i o n . The s o i l s were d r i e d overnight a t 35° C i n an a i r -
c i r c u l a t e d oven then passed through a 2 mm s i e v e . Subsamples were 
taken f o r chemical a n a l y s i s as d i s c u s s e d below. 
pH: A pH meter and combined g l a s s - c a l o m e l e l e c t r o d e was used as f o r 
water samples. The pH o f moist s o i l was measured immediately upon 
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r e t u r n to the l a b o r a t o r y , u s i n g a s o i l : w a t e r r a t i o o f 1:2.5 as 
recommended by Avery and Bascomb (1974), A second pH reading was 
taken u s i n g a i r - d r i e d s o i l i n a s o l u t i o n o f O.OIM Ca C l ^ - According 
to R u s s e l l (1973) these v a l u e s bear a c l o s e r r e l a t i o n s h i p to those 
e x i s t i n g near to the s u r f a c e s o f the s o i l p a r t i c l e s and r o o t s s i n c e 
they a r e l e s s a f f e c t e d by se a s o n a l f l u c t u a t i o n s i n the e l e c t o l y t e 
c o n c e n t r a t i o n o f the s o i l s o l u t i o n . 
Loss on i g n i t i o n : The l o s s on i g n i t i o n v a l u e s g i v e a guide to the 
amounts of organic matter p r e s e n t . Samples of s o i l p r e v i o u s l y d r i e d 
a t 105^ C f o r the determination o f t h e i r moisture content were pl a c e d 
i n a furnace and i g n i t e d a t 850° C f o r 30 minutes (Avery and Bascomb, 
1974). 
C a t i o n Exchange C a p a c i t y : The t o t a l number of exchangeable c a t i o n s 
which can be adsorbed by a s o i l i s known as the c a t i o n exchange 
c a p a c i t y , the c a p a c i t y f o r adsorption depending on the amount and 
type of c l a y and organic matter pre s e n t . A standard l e a c h i n g technique 
was employed: about 20 gm of s o i l i n a l e a c h i n g column was leached 
with 500 ml of M ammonium a c e t a t e a t pH7, and exchangeable sodium, 
potassium, c a l c i u m and magnesium were determined on the le a c h a t e i n 
the same manner as f o r the water samples. The samples were then 
leached with 300 ml of ethanol to remove any non-exchangeable 
ammonium. IM sodium c h l o r i d e was then leached through the s o i l and 
the t o t a l c a t i o n exchange c a p a c i t y determined from the ammonia content 
by d i s t i l l a t i o n i n a Hoskins apparatus followed by t i t r a t i o n a g a i n s t 
O.OIM h y d r o c h l o r i c a c i d . 
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3.4.2. S o i l and rock mineralogy 
I n order to understand the weathering p r o c e s s e s t a k i n g p l a c e the 
chemical and m i n e r a l o g i c a l composition of the parent rock must f i r s t 
be known, and secondly, the processes of the v a r i o u s s o i l horizons must 
be s t u d i e d ( V e r s t r a t e n , 1980). The primary m i n e r a l s i n d i c a t e the nature 
of the rock and s o i l to be weathered w h i l s t the secondary m i n e r a l s a r e 
the products o f t h i s a l t e r a t i o n . Study of the extent of the a l t e r a t i o n 
i s u s e f u l to e s t a b l i s h the stage of weathering. R e s i n a t e d s o i l samples 
and t h i n s e c t i o n s of rock were examined o p t i c a l l y w i t h the a i d of an 
Olympus Vanox r e s e a r c h microscope. T h i s work was c a r r i e d out i n con-
j u n c t i o n with the Department of Geology, Plymouth P o l y t e c h n i c . 
The work on c l a y mineralogy and pedogenic oxides d e s c r i b e d i n the 
remainder of t h i s chapter was conducted with Prof. J.M. V e r s t r a t e n , 
Laboratory of P h y s i c a l Geography and S o i l S c i e n c e , U n i v e r s i t y of 
Amsterdam. F u l l d e t a i l s of the methods are given i n the l a b o r a t o r y 
manual, 'Methods of s o i l , rock and water a n a l y s e s ' , a v a i l a b l e from the 
Laboratory. 
C l a y mineralogy: The c l a y « 2 pm) f r a c t i o n was separated from the f i n e 
e a r t h f r a c t i o n (<2 mm) u s i n g a standard procedure. The organic matter 
was o x i d i s e d with hydrogen peroxide a t room temperature, then the s o i l 
was d i s p e r s e d i n sodium hydroxide (pHS) and the c l a y f r a c t i o n separated 
by sedimentation, the l a t t e r being repeated u n t i l a l l the c l a y was 
removed. The c l a y suspension was then f l o c c e d with l i t h i u m c h l o r i d e and 
d i a l y s e d with d i s t i l l e d water u n t i l completely f r e e of c h l o r i d e i o n s , 
and the c l a y recovered by f r e e z e d r y i n g . 
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X-ray a n a l y s i s : The mineralogy of the c l a y (<2 pm) f r a c t i o n was 
i n v e s t i g a t e d by means of d i f f r a c t o g r a m s obtained with a P h i l i p s v e r t i c a l 
d i f f r a c t o m e t e r with Cu Koc r a d i a t i o n , u s i n g w e l l o r i e n t a t e d c l a y samples. 
The c l a y samples were s a t u r a t e d with potassium, magnesium, magnesium-
ethylene g l y c o l , heated to 335° C and 550° C. 
Elemental a n a l y s i s of rock, decomposed rock and c l a y f r a c t i o n : Chemical 
a n a l y s e s supported the m i n e r a l o g i c a l work. The samples were decomposed 
us i n g hydrogen f l o u r i d e , and then the ions were e x t r a c t e d by s u l p h u r i c 
a c i d f o r determination u s i n g c o l o r i m e t r i c methods, 
Pedogenic oxi d e s : Determination of the oxides of i r o n , aluminium and 
s i l i c a i s u s e f u l i n the study of s o i l weathering p r o c e s s e s as w e l l as 
f o r the c l a s s i f i c a t i o n o f s o i l s (Loveland and Bu l l o c k , 1976), 
D i t h i o n i t e e x t r a c t i o n : T h i s method e x t r a c t s the c r y s t a l l i n e oxides i n 
the s o i l . The method developed by Holmgren was used i n which 2 gms of 
the f i n e e a r t h f r a c t i o n of the s o i l {<2 mm) was shaken overnight with 
a s o l u t i o n c o n t a i n i n g sodium c i t r a t e and sodium d i t h i o n i t e . 
Oxalate e x t r a c t i o n : To e x t r a c t the amorphous oxides, 2 g of s o i l (<2 mm) 
was shaken f o r four hours i n the dark i n a s o l u t i o n of ammonium o x a l a t e 
and o x a l i c a c i d a t pH 3, 
Pyrophosphate e x t r a c t i o n : T h i s method e x t r a c t s the o r g a n i c a l l y bound i r o n 
and aluminium. 2 gm of s o i l « 2 mm) was shaken overnight i n sodium 
pyrophosphate (pH 1 0 ) . 
Following each e x t r a c t i o n the s o i l suspension was c e n t r i f u g e d , 
decanted through a dry f i l t e r and then the i r o n , aluminium and s i l i c o n 
content was determined u s i n g an argon-plasma spectrometer. 
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3.5. Summary 
Within the aims of the i n v e s t i g a t i o n , t h i s chapter has reviewed both 
the f i e l d programme f o r the c o l e c t i o n of water and s o i l samples and 
la b o r a t o r y techniques used i n the chemical a n a l y s e s . To monitor the 
change i n water q u a l i t y along the h y d r o l o g i c a l pathways, the f i e l d 
experiment was designed to c o l l e c t water samples o f p r e c i p i t a t i o n , 
t h r o u g h f a l l , l i t t e r f l o w , i n t e r f l o w , s p r i n g s and the stream ( F i g u r e s 3, 4 
and 5 ) . To determine the e f f e c t o f v e g e t a t i o n on the hydrology and s o l u t e 
c o n c e n t r a t i o n of water, the experimental design was based on monitoring 
s i t e s i n each of the three vegetation t r a n s e c t s : g r a s s l a n d , bracken and 
f o r e s t ( F i g u r e 3,4). 
Weekly bulk samples of p r e c i p i t a t i o n , t h r o u g h f a l l , l i t t e r f l o w and 
i n t e r f l o w were c o l l e c t e d , whereas spot samples of s p r i n g s and the r i v e r 
were obtained. T h i s sampling frequency was the only p r a c t i c a b l e s o l u t i o n 
given the dual c o n s t r a i n t s of time and expense. T h i s experimental design 
was h i g h l y s u c c e s s f u l i n terms of monitoring s i g n i f i c a n t change i n s o l u t e 
c o n c e n t r a t i o n i n n a t u r a l waters through space and of f a c i l i t a t i n g the 
c a l c u l a t i o n o f a geochemical budget. Having i d e n t i f i e d key p o i n t s along 
the h y d r o l o g i c a l pathways f u r t h e r , more i n t e n s i v e sampling o f the changes 
could be undertaken where n e c e s s a r y . 
Each of the most s i g n i f i c a n t pathways was monitored f o r a t l e a s t one 
year i n order to determine any s e a s o n a l v a r i a t i o n . The f u l l p e r iod of 
c o l l e c t i o n a t each point i s presented i n F i g u r e 3.20. 
I n the l a b o r a t o r y , the chemical a n a l y s i s of water samples was under-
taken to provide information on the chemical changes i n the h y d r o l o g i c a l 
system. During the chemical determinations, the h i g h e s t standards of 
p r e p a r a t i o n and accuracy were maintained a t a l l times s i n c e much of the 
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study i s based oni-these measurements. Great c a r e was taken i n sample 
sto r a g e , the prepsiration of chemical standards and the operation o f 
the a n a l y t i c a l equipment. A l l the instruments were p r e c i s e , g i v i n g 
very r e p r o d u c i b l e r e s u l t s and, with the exception of c a l c i u m , the 
accuracy v/as b e t t e r than 5% (Table 3.3). 
F i n a l l y , m i n e r a l o g i c a l and chemical a n a l y s e s were undertaken on 
s o i l samples c o l l e c t e d from the i n t e r c e p t i o n p i t s to provide information 
on weathering w i t h i n the p r o f i l e . As the m i n e r a l s weather, they provide 
an important supply of chemicals to p e r c o l a t i n g water. Such information 
i s e s s e n t i a l to an understanding of the changes i n the water chemistry 
through the system. 
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CHAPTER 4 
THE ABOVE GROUND COMPONENT - PRECIPITATION, THROUGHFALL AND STEMFLOW 
4.1. I n t r o d u c t i o n 
The atmosphere i s the f i r s t component i n the h y d r o l o g i c a l model 
presented as the framework f o r t h i s study ( F i g u r e 1.1.). The component 
c o n s i s t s f i r s t l y o f bulk p r e c i p i t a t i o n from the atmosphere, i n c l u d i n g 
dry and wet f a l l o u t , and secondly o f t h r o u g h f a l l and stemflow, r e p r e -
s e n t i n g p r e c i p i t a t i o n whose chemical composition has been modified by 
i t s passage through a v e g e t a t i o n canopy or over a stem o r trunk. 
Within the aims of the study, the i n v e s t i g a t i o n i n t h i s chapter 
focuses on: 
1. the magnitude and v a r i a b i l i t y o f the chemical composition 
of bulk p r e c i p i t a t i o n through time and space. 
2. the e f f e c t s o f the physiognomy o f the v e g e t a t i o n canopy 
on bulk p r e c i p i t a t i o n . 
The importance o f the atmospheric supply of s o l u t e s on stream 
chemistry has been r e c o ^ p i s e d f o r many y e a r s , ( E r i k s s o n , 1955; Gorham, 
1961; Douglas, 1972). S t u d i e s have shown t h a t the atmosphere may account 
f o r between 50-63% ( C r y e r , 1976) and 70% f o r the t o t a l load output i n the 
stream, and up to 100% f o r c h l o r i d e ( L i k e n s e t a l , 1977). A t h i r d aim 
was t h e r e f o r e to monitor t h i s input o f s o l u t e s as p a r t o f the chemical 
budget f o r the catchment, i n order to be abl e to c a l c u l a t e the r a t e o f 
chemical weathering (Chapter 9 ) . 
4.1.1. Bulk p r e c i p i t a t i o n 
The s o l u t e s i n bulk p r e c i p i t a t i o n a r e d e r i v e d from three sources: the 
ocean, the land and l o c a l p o l l u t i o n sources such as i n d u s t r y and u r b a n i s a t i o n 
( S e c t i o n 1.3.1). The proportions o f the ions i n the p r e c i p i t a t i o n a r e 
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c o n t r o l l e d by f a c t o r s a f f e c t i n g t h e i r c r e a t i o n and trsmsport. These 
v a r i a b l e s i n c l u d e the turbulence of the atmosphere, d i s t a n c e from the 
sea , wind d i r e c t i o n and p r e c i p i t a t i o n amounts. Thus, as these f a c t o r s 
change, the chemical c o n c e n t r a t i o n o f bulk f a l l o u t w i l l vary both 
s p a t i a l l y and temporally. 
Table 4.1. Summary s t a t i s t i c s f o r bulk p r e c i p i t a t i o n chemistry 
14/2/77 to 13/2/78, N = 49. 
(S.E.C. i n yumho -1 s cm a t 25°C, a l l other ions except pH, 
m mg 1 ) 
Solute 
Unweighted Std. Weighted Weighted Mean 
Mean Cone. Dev Mean Cone. i n m.e.l ^  
S.E.C. 47.73 24.11 - -
pH 4,46 0.59 4.26 0,055 
Na 4.13 2,75 3.79 0.165 
K 0.95 1.34 0.41 0,010 
Ca 0.57 0.57 0.33 0.008 
Mg 0,51 0.36 0.44 0.019 
SiO^ 0.02 0.07 0.006 0.000 
CI 6,59 5.19 5.94 0.167 
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Table 4.2. Minimum, maximum emd range of bulk p r e c i p i t a t i o n 
chemistry, 14/2/77 
a t 25°C, a l l other 
to 13/2/78 (S.E 
ions except pH 
.C. i n yjmhos cm~^ 
i n mg 1 ) 
Solute Minimum Maximum Range 
S.E.C. 15.7 124.0 108.3 
pH 3.64 6.18 2.54 
Na 0.37 11.00 10.63 
K 0.07 6.86 6.79 
Ca 0.00 2.92 2.92 
Mg 0.11 1.54 1.43 
SiO^ 0.00 0,40 0.40 
CI 0.76 20.80 20.04 
As no s i g n i f i c a n t d i f f e r e n c e was found between the four gauges 
( S e c t i o n 4.2), r e s u l t s from c o l l e c t o r G4 ( F i g u r e 3.4) were used i n the 
a n a l y s i s , s i n c e these were the most complete. The unweighted mean and 
weighted mean bulk p r e c i p i t a t i o n c o n c e n t r a t i o n s are shown i n Table 4.1 
and Figure 4.1. The unweighted mean or a r i t h m e t i c mean makes no 
d i s t i n c t i o n between each week's samples, whereas the weighted mean takes-
the volume of each i n t o account. The weighted mean i s the sum of the 
weekly s o l u t e i n p u t s d i v i d e d by t o t a l amount o f r a i n f o r the year: 
i Vi 
C : Annual weighted mean c o n c e n t r a t i o n (mg 1~^) 
C i : Concentration i n L t h week (mg 1~^) 
Vi : R a i n f a l l amount i n L t h week (1) 
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I n this::study the weighted mean i s used, where appropriate, because 
i t g i v e s a c l e a r i n d i c a t i o n of the c o n c e n t r a t i o n which would have r e s u l t e d 
i f r a i n f a l l f o r the e n t i r e study period had been accumulated i n a c o l l e c t o r 
Minimum, maximum and the range of c o n c e n t r a t i o n s a r e l i s t e d i n Table 4.2. 
The range of c o n d u c t i v i t y was very s i m i l a r to t h a t reported by Cr y e r (1976) 
f o r a catchment i n mid-Wales (7-130 ^ h o s cm~^). 
I n the Narrator catchment the dominant c o n s t i t u e n t s were sodium and 
c h l o r i d e . For the c a t i o n s the i o n i c composition was such t h a t 
Na^> H^ >Mg*'^> Ca^^>K^ with sodium and hydrogen c o n s t i t u t i n g 70% of the 
t o t a l c a t i o n i c s t r e n g t h ; c h l o r i d e was the dominant anion (Table 4 . 1). 
These r e s u l t s are f a i r l y s i m i l a r to other published data f o r the South 
West presented by Stevenson (1968) and F o s t e r (1979a) (Table 4.3), 
Care must be e x e r c i s e d i n i n t e r p r e t i n g the v a r i a t i o n because the r e s u l t s 
r e f e r to d i f f e r e n t periods of time and the mean c o n c e n t r a t i o n s have been 
c a l c u l a t e d i n d i f f e r e n t ways, Stevenson (1968) u s i n g median v a l u e s v / h i l s t 
F o s t e r (1979a) has computed the a r i t h m e t i c mean. 
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Table 4.3. Mean chemicaJ composition o f bulk p r e c i p i t a t i o n chemistry 
i n south-v/est England (concentrations i n mg 1~^) 
Camborne^ Na r r a t o r ^ Newton Abbott"^ Exeter"^ 
Solute 3,Ppn. catchment • 
B.Ppn. 
B.Ppn. AirC^g/m"^) B.Ppn. 
Na 7.7 3.7 5.5 3.1 3.7 
K 0,4 0.4 0.7 0.8 1.9 
Ca 0.8 0.3 1.5 1.0 2.4 
Mg 0.6 0.4 0.6 0.5 0.9 
CI 11.3 5.9 6.3 4.7 6,8 
T.D.S. 23.0 4 26.0 18.2 - -
/ E. j 
1. Period 1959-1964, median values, 
Stevenson (1968). 
• y 2, Period study. 
Feb. 1977 to Mar. 1978, t h i s 
3. Period 
Foster 
Apr. 1975 
(1979a). 
t o Sep. 1977, 
C. Camborne E. Exeter 
N.C. Narrator catchment 
N.A. Newton Abbott 
4. K = 0.56, where 
p r o p o r t i o n a l ! t y 
S.E.C. = K X T.D 
Unweighted mean 
K i s the constant o f 
i n the expression, 
.S. 
used. 
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Bulk p r e c i p i t a t i o n at Camborne, Cornwall i s dominated by sodium and 
c h l o r i d e , Camborne being located very close t o the sea. At Newton Abbott, 
Devon (Table 4 . 3 ) , sodium and c h l o r i d e concentrations are higher than f o r 
the Narrator catchment. This i s p o s s i b l y because Newton Abbott i s close 
t o the English Channel (6 km west) but most l i k e l y i s due to the d i f f e r e n t 
computation methods used. According to Dougall (1973) high concentrations 
o f sodium and c h l o r i d e are borne i n the p r e c i p i t a t i o n by the north-west 
winds from the south Cornwall/north Devon coast r e s u l t i n g i n high median 
values. Such a mechanism would also create high sodium and c h l o r i d e 
concentrations at Exeter. Concentrations o f the t e r r e s t r i a l ions, potas-
sium and calcium are highest at Exeter, w h i l s t the sodium concentration 
there i s the lowest. Thus the Narrator catchment occupies a m i d - p o s i t i o n 
i n the peninsula and i t s bulk p r e c i p i t a t i o n i s also intermediate i n 
composition (Table 4 . 3 ) . 
Table 4.3. also shows the concentration o f chemical species i n a i r 
a t Newton Abbott (Stevenson, 1968). The chemical composition i s s t i l l 
dominated by sodium and c h l o r i d e , although potassium has now increased 
i t s r e l a t i v e importance. 
4.1.2. O r i g i n o f ions i n bulk p r e c i p i t a t i o n 
As discussed i n the i n t r o d u c t i o n , the ions i n wet and dry f a l l o u t 
o r i g i n a t e from d i f f e r e n t sources. I n order to i n v e s t i g a t e the v a r i a b l e 
c o n t r i b u t i o n o f each of these, the composition of bulk p r e c i p i t a t i o n was 
compared w i t h the composition o f sea water. This approach has been 
adopted by Eriksson (1960), Holden (1966) and Cryer (1976) t o d i s t i n g u i s h 
between o c e a n i c a l l y derived and t e r r e s t r i a l l y derived s o l u t e s . 
Sodium and c h l o r i d e are present i n sea water at high concentrations, 
w i t h the i o n i c r a t i o o f Na : CI remaining r e l a t i v e l y constant at 1 : 1.8. 
Thus by comparing the r a t i o s o f sodium and c h l o r i d e w i t h other ions i n 
bulk p r e c i p i t a t i o n , i t i s possible t o d i s t i n g u i s h the r e l a t i v e importance 
of marine and non-marine sources. 
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The Na:Cl r a t i o i n bulk p r e c i p i t a t i o n (1.6) i s lower than f o r sea 
water (1.8, Table 4.4), suggesting a r e l a t i v e decrease i n c h l o r i d e over 
land. Gorhan (1961) notes t h a t the Na:Cl r a t i o o f t e n departs from the 
sea water value o f 1.8 and postulates t h a t the mixing o f sea s a l t p a r t i c l e s 
w i t h s u l p h u r i c a c i d d r o p l e t s from centres o f a i r p o l l u t i o n may be responsible 
The r a t i o s o f magnesium t o sodium and c h l o r i d e are also s i m i l a r t o those 
i n sea water (Table 4,4), suggesting a marine o r i g i n f o r magnesium. 
The r a t i o s o f sodium and c h l o r i d e i n bulk p r e c i p i t a t i o n t o those o f 
potassium and calcium show a marked increase when compared w i t h those i n 
sea water (Table 4.4). This i s most l i k e l y due to potassium and calcium 
being derived from t e r r e s t r i a l sources, and thus these ions are found i n 
excess amounts. 
Table 4.4. Ratio o f mean weighted s o l u t e concentration i n bulk 
p r e c i p i t a t i o n t o mean weighted sodium and c h l o r i d e 
concentrations f o r the Narrator catchment. 
Solute Ratios 
Solutes Sea Water 
Year Summer Winter 
Na:Cl 1.56 1.36 1.61 1.80 
Na:Mg 0.12 0.09 0.12 0.12 
Na:K 0.10 0,27 0,05 0.04 
Na:Ca 0.09 0.12 0.07 0.04 
Cl:Mg 0.07 0.09 0.07 0.07 
C1:K 0.07 0.27 0.03 0.02 
Cl:Ca 0.06 0.12 0.04 0.02 
From Holden (1966) 
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Sodium, c h l o r i d e and magnesium, then, are derived mainly from 
the sea, w h i l s t the p r i n c i p a l source o f potassium and calcium i s the 
land. This r e s u l t confirms previous work by Gorham (1961), A l l e n e t a l 
(1968) and Cryer (1976). 
Table 4.4. also shov/s the s o l u t e r a t i o s i n bulk p r e c i p i t a t i o n 
c a l c u l a t e d f o r the summer and win t e r months. I n win t e r the r a t i o s are 
much clo s e r t o those found i n sea water, due t o the large number o f 
depressions sweeping across the area c a r r y i n g aerosols derived from 
oceanic spray. I n summer, however, the r a t i o s between sodium and 
c h l o r i d e t o potassium and calcium are much higher than i n w i n t e r , 
suggesting the importance o f wind blown dust i n the atmosphere. The 
Na:Cl r a t i o i s also lower i n summer, suggesting t h a t there might be 
another source f o r sodium, and since atmospheric p o l l u t i o n declines 
i n summer (Douglas, 1972), some sodium might be t e r r e s t r i a l l y derived. 
The r e s u l t s i n d i c a t i n g a s i m i l a r source f o r sodium, c h l o r i d e and 
magnesium, and f o r potassium and calcium are confirmed by the rank 
c o r r e l a t i o n matrix presented i n Table 4.5. Sodium, magnesium and 
c h l o r i d e are a l l h i g h l y c o r r e l a t e d w i t h one another as are potassium 
and calcium. Calcium i s also s i g n i f i c a n t l y c o r r e l a t e d w i t h sodium and 
magnesium, although they both have d i f f e r e n t o r i g i n s . This w i l l be 
discussed f u r t h e r i n Section 4.1.5. 
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Table 4 .5. Rank c o r r e l a t i o n matrix o f bulk p r e c i p i t a t i o n q u a l i t y 
data (N = 48) 
S • El. C. pH Na K Ca Mg 
PH -0.06 
Na 
*** 
0.59 0.21 
K 
*** 
0.47 
** 
0.36 0,19 
Ca 0.64 0.13 ** 0.42 
*** 
0.61 
Mg 0.75 0.10 *** 0.86 0.21 
CI 
*** 
0.93 0.09 
*** 
0.93 -0.16 0.21 0.1^* 
*** 
0. 001 s i g n i f i c a n c e l e v e l 
** 
0. 01 s i g n i f i c a n c e l e v e l 
4.1.3. S p a t i a l v a r i a t i o n i n bulk p r e c i p i t a t i o n chemistry 
S p a t i a l v a r i a t i o n i n p r e c i p i t a t i o n chemistry has been considered a t 
a large scale by Gorham (1961) and Douglas (1968a, 1972) and a t a small 
catchment scale by Zeman (1975) and Likens e t a l (1977). At the l a r g e 
scale the composition o f the p r e c i p i t a t i o n i s mainly a f f e c t e d by the 
distance from the sea and d i r e c t i o n o f the p i e v a i l i n g wind as exemplified 
f o r the South West and a t the smaller scale by the e f f e c t s o f topography, 
vegetation entrapment and l o c a l sources o f dust. I n t h i s experiment f o u r 
p r e c i p i t a t i o n c o l l e c t o r s were set up t o sample the bulk f a l l o u t (G1,G4,B1,B3, 
Figure 3.4). A Mann-V/hitney U t e s t was conducted t o t e s t the d i f f e r e n c e 
between gauges f o r each chemical species. No s i g n i f i c a n t d i f f e r e n c e s were 
found i n chemical concentrations between the s i t e s , from which i t may be 
concluded t h a t the composition o f the p r e c i p i t a t i o n does not vary across 
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the catchment and t h a t change i n a l t i t u d e has no appreciable e f f e c t . 
Thus the p r e c i p i t a t i o n chemistry i s determined s o l e l y by the a i r mass 
responsible f o r the p r e c i p i t a t i o n r a t h e r than v a r i a t i o n i n topography 
or vegetation type. 
4.1.4. Temporal v a r i a t i o n i n bulk p r e c i p i t a t i o n chemistry 
The d i s t r i b u t i o n o f the concentration o f solutes i n bulk p r e c i p i t a t i o n 
through the year i s presented i n Figure 4.2. The f i r s t sample was 
c o l l e c t e d on the 14th February, 1977 and the l a s t on 6th February, 1978. 
Since samples were c o l l e c t e d on a weekly basis, there may be water from 
more than one storm present. The concentration w i l l thus be weighted 
according t o the concentration and amount o f each r a i n f a l l event which 
occurred during the week. This weekly concentration i s shown as the 
s o l i d l i n e i n Figure 4.2, the p o i n t s being j o i n e d to f a c i l i t a t e i n t e r -
p r e t a t i o n o f the trends. The r e s u l t s show great v a r i a b i l i t y throughout 
the year. The dashed l i n e s on Figure 4.2 represent the 5 week running 
means, and upon examination, several d i s t i n c t p a t t e r n s can be observed. 
The f i r s t concerns sodium and c h l o r i d e , the marine s a l t s , which c o r r e l a t e 
c l o s e l y w i t h c o n d u c t i v i t y , and the second concerns potassium and calcium. 
The marine derived s a l t s e x h i b i t a w i n t e r maximum which occurs a t the 
beginning o f December, w i t h two secondary maxima i n Apri'l and J u l y , These 
higher s o l u t e l e v e l s are associated w i t h low r a i n f a l l amounts, g e n e r a l l y 
being less than 10 mm per week. The potassium and calcium maximum 
concentrations occur only i n June and J u l y and seem to be a seasonal 
f e a t u r e associated w i t h summer. For the r e s t o f the year t h e i r concen-
t r a t i o n s were u s u a l l y low (about 0.3 and 0,4 mg 1~^ r e s p e c t i v e l y ) . 
The seasonal component i s demonstrated f u r t h e r i n Table 4.6, which 
compares the mean weighted s o l u t e concentrations f o r summer and w i n t e r . 
I l l 
Table 4.6. Mean weighted s o l u t e concentration i n bulk p r e c i p i t a t i o n 
f o r the year, summer and w i n t e r months. (S.E.C. i n 
^mhos -1 ^ cm a t 25^0, a l l other ions except pH i n mg 1 ^ ) 
Year Summer^ Winter^ 3 Change 
4 
S • £, C. 46.49 52.12 46.62 0,89 
PH 4.26 4.11 4.37 0.55 
Na 3.79 2.03 4.69 2,31 
K 0.41 0,74 0.24 0,32 
Ca 0.33 0,32 0.33 1.03 
Mg 0.44 0.24 0.54 2.25 
CI 5.94 2.76 7,56 2,74 
^ Summer months, Apr. to Sep. 
^ Winter months, Oct. to Mar. 
^ Ratio = Winter -r Summer cone. 
4 
Ar i t h m e t i c mean. 
The c o n t r a s t i s very c l e a r f o r a l l ions except calcium. I n p a r t i c u l a r the 
win-trer sodiunvmagnesium and c h l o r i d e concentrations were a t l e a s t double 
those o f the summer (Table 4.6). Unlike these ions, potassium and 
hydrogen were highest i n summer (Table 4.6). However, t h i s g e n e r a l i s a t i o n 
obscures many i n t e r e s t i n g features o f the pa t t e r n s e x h i b i t e d by the ions 
and, i n the case o f hydrogen, i s misleading. For a complete p i c t u r e o f 
the temporal p a t t e r n o f the ions the weekly bulk f a l l o u t concentrations 
and t o t a l i n p u t , the product o f concentration and volume must be considered 
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Hydrogen: The hydrogen ion a c t i v i t y increased from a minimum 
i n wy>nl:er t o a maximum i n rummer (Figure 4.2). According t o Likens e t 
a l (1977) pure water i n e q u i l i b r i u m w i t h atmospheric concentrations o f 
carbon dioxide should have a pH o f a t l e a s t 5.6. Thus the pH d u r i n g 
J u l y may be regarded as normal, and the lower l e v e l s f o r the remainder 
o f the year as abnormal. I n d u s t r i a l a c t i v i t y would be low dxiring the 
summer and hence the p o l l u t i o n would be a t i t s lowest l e v e l s . 
The reason f o r the high summer weighted mean concentration 
presented i n Table 4.6 i s t h a t f i v e major storms occurred i n A p r i l and 
May, b r i n g i n g i n large amounts o f hydrogen. Four o f these f i v e storms 
were associated w i t h winds from'the northern sector. For example, the 
storm o f the 3rd May, when the maximum in p u t o f hydrogen occurred, a 
low pressure system dominated the weather p a t t e r n w i t h north-westerly 
winds o f moderate s t r e n g t h . High hydrogen in p u t s may t h e r e f o r e t e n t a -
t i v e l y be r e l a t e d t o p o l l u t a n t sources from i n d u s t r i a l areas o f B r i t a i n . 
Sodium: Sodium concentrations were highest i n November and lowest 
i n June and August. High concentrations and large t o t a l weekly i n p u t s 
o f sodium occurred i n November, when a s e r i e s o f f r o n t s moved across 
the area. Each depression was characterised by a moist south-westerly 
a i r stream and outbreaks o f r a i n and d r i z z l e . The highest amounts o f 
sodium were i n p u t d u r i n g January 1978. Maritime a i r masses tracked 
across from the south-west. The winds, which were of moderate s t r e n g t h , 
would have brought i n s u b s t a n t i a l q u a n t i t i e s o f sodium created by the 
turbulence o f the A t l a n t i c ocean. This c o n t r a s t s w i t h the low concen-
t r a t i o n s experienced d u r i n g the summer. For example on 24th August 
there was thunderstorm a c t i v i t y and heavy r a i n , but sodium l e v e l s were 
very low because the r a i n bearing winds were from the east, having only 
t r a v e l l e d overland. 
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Potassium: Potassium concentrations were highest i n summer 
(Figure 4.2), the concentrations being greater than 2.0 mg l""^ from 
23rd May u n t i l 18th J u l y . The main source o f potassium i s the s o i l 
(Gorham, 1961; Section 4.1,2). Dust i s borne i n t o the atmosphere by 
the wind and t h i s i s only possible during dry weather. For example dry 
c o n d i t i o n s p r e v a i l e d f o r about three weeks p r i o r t o r a i n on 18th J u l y . 
A maritime t r o p i c a l a i r mass then provided r a i n and d r i z z l e t o wash out 
the potassium c o l l e c t e d i n the atmosphere. The s i g n i f i c a n c e o f the l e n g t h 
o f dry period before showers i s discussed i n Section 4.1.5. 
Calcium: A t e r r e s t r i a l l y derived i o n (Gorham, 1961; Section 4.1.2), 
highest calcium concentrations occurred during May t o J u l y , as was the 
case f o r potassium (Figure 4.2). Comparison o f the change i n calcium 
and potassium mean weighted concentrations (Table 4,6) shows t h a t they 
behave d i f f e r e n t l y and so they probably have d i f f e r e n t o r i g i n s . 
Considerable q u a n t i t i e s o f calcium can be generated by human a c t i v i t i e s 
such as a g r i c u l t u r e (mainly l i m i n g i n autumn) and q u a r r y i n g . 
Magnesium: Magnesium, a marine derived s a l t , had high concentrations 
i n November (Figure 4.2), j u s t as sodium, when r a i n f a l l was low. The 
highest weekly t o t a l amounts were i n p u t i n January, when although the 
concentrations were low, r a i n f a l l amounts were high (up t o 104 mm per 
week) and the r a i n bearing winds were from the south-west approaches. 
S i l i c a : The highest s i l i c a concentrations occurred on the 11th and 
18th J u l y (0.4 and 0.2 mg l ' * ^ r e s p e c t i v e l y ) . Production o f s i l i c a i s 
thus associated w i t h dry c o n d i t i o n s i d e n t i c a l t o those required f o r high 
inputs potassium. For the remainder of the year s i l i c a l e v e l s were 
n e g l i g i b l e (Figure 4.2). 
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Chloride: The p a t t e r n o f c h l o r i d e concentrations and q u a n t i t i e s 
i n p u t i n t o the catchment i s i d e n t i c a l t o sodium (Figure 4,2). Both are 
of marine o r i g i n and h i g h l y s i g n i f i c a n t l y c o r r e l a t e d (0.001 s i g n i f i c a n c e 
l e v e l . Table 4.5). 
4.1.5. Bulk p r e c i p i t a t i o n chemistry and hydro-meteorological c o n d i t i o n s 
Hydro-meteorological c o n d i t i o n s , such as the amount o f r a i n f a l l or 
number o f dry days before a storm, w i l l a f f e c t the concentration o f the 
ions i n bulk p r e c i p i t a t i o n . C o n d u c t i v i t y , potassium and calcium were 
s i g n i f i c a n t l y n e g a t i v e l y c o r r e l a t e d w i t h the amount o f p r e c i p i t a t i o n 
(Table 4.7) i n d i c a t i n g t h a t f o r these species the gr e a t e r the amount o f 
p r e c i p i t a t i o n , the lower the concentration. Douglas (1968a) also recorded 
Table 4.7. Rank c o r r e l a t i o n o f bulk p r e c i p i t a t i o n chemistry and 
p r e c i p i t a t i o n amount (N = : 48) 
S.E.C. -0.46 
PH -0.06 
Na -0.16 
K 
• + • 
-0.48 
Ca -0.48 
Mg -0,24 
CI -0.08 
*** 
0.001 s i g n i f i c a n c e l e v e l 
t h i s inverse r e l a t i o n s h i p . Potassium and calcium are supplied t o the 
catchment i n the form o f t e r r e s t r i a l dust which w i l l be washed out by the 
r a i n . Thus the greater the amount o f r a i n , the gr e a t e r the d i l u t i o n . 
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assuming no f u r t h e r production o f dust. Sodium, magnesium and c h l o r i d e 
are s l i g h t l y d i f f e r e n t , because, although the d r y - f a l l o u t c o n t r i b u t i o n w i l l 
be a f f e c t e d by the wash-out mechanism, since these ions are marine de r i v e d , 
each storm w i l l b r i n g i n s i g n i f i c a n t q u a n t i t i e s o f aerosols from the sea. 
The concentration o f potassium and calcium was also found t o be 
s i g n i f i c a n t l y c o r r e l a t e d w i t h the d u r a t i o n o f the dry period before r a i n f a l l 
(Table 4.8). The greater the dry period before a storm, the greater w i l l 
be the accumulation o f dust i n the atmosphere and thus the greater w i l l be 
the p r e c i p i t a t i o n concentrations (Douglas, 1968a). 
Table 4.8. Rank c o r r e l a t i o n o f bulk p r e c i p i t a t i o n chemistry and the 
number of dry days i n the week preceding c o l l e c t i o n 
(N = 48) 
S.E.C. pH Na K Ca Mg CI 
-0.07 0.09 0.00 0.56 0.50 0.09 0.23 
0.001 s i g n i f i c a n c e l e v e l 
For completeness, the c o r r e l a t i o n c o e f f i c i e n t s between other hydro-
meteorological f a c t o r s and bulk p r e c i p i t a t i o n s o l u t e concentrations are 
presented i n Table 4.9. Antecedent p r e c i p i t a t i o n (AP^Q) was computed on 
a d a i l y basis, t a k i n g i n t o account r a i n f a l l over the past 30 days. The 
formula used i s as f o l l o w s : 
30 S — 
^ N 
where i s the p r e c i p i t a t i o n on the Nth day preceding the day f o r which 
the index i s being c a l c u l a t e d . R a i n f a l l immediately p r i o r t o the day has 
a great e f f e c t on the index w h i l s t r a i n f a l l 30 days p r e v i o u s l y only c o n t r i -
butes minimally. AP^Q, maximum d a i l y t o t a l and maximum 2 hour i n t e n s i t y 
are a l l s i g n i f i c a n t l y c o r r e l a t e d w i t h the t e r r e s t r i a l l y derived ions and 
not w i t h the marine derived ones. 
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Table 4.9. Rank c o r r e l a t i o n m a t r i x o f bulk p r e c i p i t a t i o n chemistry 
' and' hydrometeorological f a c t o r s (N = 48) 
30 M.D.T. 2 hr. I n t . Temp. S.I. 
S,E .C. - 0.28* - 0.47 - 0.45 - 0.08 - 0.05 
pH - 0.05 - 0.04 - 0.14 0.37** - 0.1>4.'. 
Na 0.09 - 0.21 - 0.24 - 0.44* 
* • 
0.42 
K - 0.41 - 0.40 - 0.36 0.41 
»** 
- 0.63 
Ca - 0.33 - 0.40 - 0.46** 0.19 - 0.29* 
Mg 0.05 - 0.20 - 0.25 - 0.42* 0.28* 
CI - 0.17 - 0.16 - 0.12 - 0.28* ** 0.37 
• 
0.001 s i g n i f i c a n c e l e v e l AP^ Q Antecedent p r e c i p i t a t i o n index 
*• 0.01 s i g n i f i c a n c e l e v e l M.D.T. Maximum d a i l y t o t a l (mm) 
* 0.05 s i g n i f i c a n c e l e v e l 2 h r . I n t . Maximum 2 hour i n t e n s i t y 
S.I. Seasonal Index 
was Cryer's (1976) seasonal index, ((sampling date - 1 8 3 ) U 183, 
calculated w i t h January 1st being day 1, having an index o f 1 and day 
180 having an index o f 0. A j • r-<x >^  h., • c o r r e l a t i o n c o e f f i c i e n t was 
ca l c u l a t e d f o r each o f the chemical elements. Potassium and calcium 
were s i g n i f i c a n t l y n e g a t i v e l y c o r r e l a t e d w i t h the index, showing t h a t 
there was a simple maximum concentration i n summer and a minimum i n 
wi n t e r . Conversely the p o s i t i v e c o r r e l a t i o n between sodium, magnesium 
and c h l o r i d e concentrations and the index demonstrate a win t e r maximum. 
These r e s u l t s are s i m i l a r t o those o f Cryer (1976) and Foster (1979a). 
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4.1.6. P r i n c i p a l components an a l y s i s o f bulk p r e c i p i t a t i o n data 
P r i n c i p a l components an a l y s i s - general: P r i n c i p a l components a n a l y s i s 
(P.C.A.) i s a u s e f u l m u l t i v a r i a t e s t a t i s t i c a l technique f o r s i m p l i f y i n g 
and examining sources o f v a r i a t i o n w i t h i n l a r g e data sets. The technique 
i s discussed i n d e t a i l by Davis (1973) and Johnston (1978), while i t s 
a p p l i c a t i o n t o water q u a l i t y data has been considered by Mahloch (1974). 
The r e l a t e d technique o f f a c t o r a n a l y s i s has been applied t o water q u a l i t y 
data by Ashley & Lloyd (1978) and Reid e t a l (1981), although the under-
l y i n g nature o f the f a c t o r analysis model d i f f e r s from t h a t o f P.C.A. 
In t h i s study P.C.A, i s applied t o the chemical data f o r each of the 
s o l u t e pathways w i t h the aim o f examining the manner i n which the compo-
s i t i o n o f the water v a r i e s through the study period i n terms o f the 
e i g h t hydrochemical v a r i a b l e s i n c l u d i n g s i l i c a . Also, the technique 
serves to h i g h l i g h t the major sources o f v a r i a t i o n w i t h i n the e i g h t 
v a r i a b l e s c h a r a c t e r i s i n g each pathway. 
The a n a l y s i s i s c a l c u l a t e d on a time-based data matrix using the 
weekly values f o r the hydrochemical v a r i a b l e s over a period o f a p p r o x i -
mately one year. I t should be stressed t h a t using P.C.A. i n t h i s manner 
i s l a r g e l y f o r the purpose of data s i m p l i f i c a t i o n and hypothesis generation. 
Analyses are presented a t the end o f each s e c t i o n on a hydrologic 
pathway. I n a l l instances P.C.A. was undertaken using the Clustan IC 
computer program (V/ishart, 1978). The data were analysed i n the Q-mode 
so t h a t s i m i l a r i t i e s between i n d i v i d u a l water samples i n terms o f the 
chemical comparison could be i n v e s t i g a t e d . The f i r s t two components from 
each an a l y s i s were p l o t t e d t o give a scattergram where each p o i n t represents 
a water sample f o r a given p o i n t i n time. The distance between each p o i n t 
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i s an approximation to the degree of s i m i l a r i t y between these p o i n t s i n 
terms of t h e i r chemical c h a r a c t e r i s t i c s . 
Results o f P.O.A. on bulk p r e c i p i t a t i o n chemistry data: Eight chemical 
v a r i a b l e s , i n c l u d i n g s i l i c a , measured on b u l k p r e c i p i t a t i o n samples f o r 
53 weeks (14/2/77 t o 27/3/78) were entered t o P.C.A. The f i r s t three 
components explained 83% o f the variance w i t h a l l three components 
possessing eigenvalues o f greater than 1.0. According t o Johnston (1978) 
eigenvalues o f less than 1.0 are not worth discussion. The r a t i o n a l e 
f o r t h i s i s t h a t 1.0 represents the variance o f each o f the o r i g i n a l 
vairiables, so t h a t a component w i t h an eigenvalue o f less than 1.0 
accounts f o r less o f the t o t a l variance than d i d any o f the o r i g i n a l 
v a r i a b l e s . 
I n v e s t i g a t i o n o f the loadings f o r these three components (Table 4.10) 
shows t h a t component I , which explains 45% o f the variance, i s dominated 
by c h l o r i d e , magnesium and sodium, thus demonstrating the dominance o f 
the marine derived s a l t s i n the annual v a r i a t i o n o f bulk p r e c i p i t a t i o n 
c h a r a c t e r i s t i c s . Components I I and I I I , which together e x p l a i n 38% o f 
the variance, are observed to have high loadings f o r potassium, s i l i c a , 
pH and calcium. This suggests the i n f l u e n c e o f t e r r e s t r i a l l y derived 
s a l t s , w i t h the p o s s i b i l i t y t h a t i n d u s t r i a l p o l l u t i o n may also exert an 
in f l u e n c e . 
Potassium and s i l i c a are h i g h l y loaded together f o r component I I 
and may have a common source. Calcium however i s included i n component 
I I I , p o s s i b l y i n d i c a t i n g a d i f f e r e n t o r i g i n from the other t e r r e s t r i a l l y 
derived ions (Table 4.10, Section 4.1.2). 
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Table 4.10. Component loadings on the f i r s t three o r i n c i o a l 
components o f bulk p r e c i p i t a t i o n chemistry 
Component I Variance exp :45% 
Chloride 0.494 
Magnesium 0.485 
Sodium 0.483 
Component I I Variance exp:24% 
Potassium 0.585 
S i l i c a 0,493 
pH 0,381 
Component I I I Variance exp:14% 
pH 0.732 
Con d u c t i v i t y 0,374 
Calcium 0.311 
Total variance explained: 83% 
I n t e r p r e t a t i o n o f r e s u l t s : Figure 4,3 presents the p l o t s f o r component 
scores on axes I and I I . On the f i r s t p l o t bulk p r e c i p i t a t i o n samples 
are i d e n t i f i e d by week numbers. On the second p l o t however the month o f 
c o l l e c t i o n i s used t o show how the chemical composition v a r i e d through 
the year. Using the two graphs i n c o n j u n c t i o n w i t h one another, the 
change i n f a c t o r s i n f l u e n c i n g the chemical composition may be st u d i e d . 
Axis I i s a measure o f c h l o r i d e , magnesium and sodium concentrations. 
For example, samples 13 (F^Iay) and 27 (Aug.) possessing low concentrations 
because o f o f f - s h o r e winds, have low component scores. Samples 3 (Feb.), 
11 ( A p r . ) , 12 (May) and 46 (Jan.) represent samples w i t h concentrations 
close t o the weighted mean concentrations (Table 4,1) being about 6.0, 0.4 
and 4.0 mg 1 ^ r e s p e c t i v e l y . Cyclonic weather c o n d i t i o n s p r e v a i l e d d u r i n g 
each o f these weeks w i t h south-westerlies b r i n g i n g i n marine-derived 
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aerosols. Samples w i t h high concentrations have high component loadings. 
Samples 5 (May), 38 (Nov.), and 47 (Jan.) were a l l associated w i t h periods 
o f very u n s e t t l e d weather: c o n d i t i o n s were very stormy w i t h high wind 
speeds, high r a i n f a l l amounts and hence high inputs and concentrations o f 
c h l o r i d e , magnesium and sodium. Samples 24 (Aug.), 39 (Nov.) and 40 (Dec.) 
also w i t h high component loadings had high concentrations due to preceding 
periods o f dry weather and low r a i n f a l l amounts (2.0, 6.0 and 9.0 mm 
r e s p e c t i v e l y ) . 
Component scores on a x i s I I depend on potassium, s i l i c a and pH. 
Since these concentrations were u s u a l l y low, f o r example samples 3 (Feb.), 
11 ( A p r . ) , 12 (May) and 46 (Jan.) have mean concentrations o f potassium 
(0.2 mg 1~^) and pH ( 4 . 2 ) , possess low component scores. Samples 16 (May) 
17 (June) and 22 ( J l y . ) have high l e v e l s , the most extreme being sample 
22 w i t h potassium ( 2 . 7 ) , s i l i c a (0.4) and pH ( 6 . 2 ) . A warm, moist 
t r o p i c a l a i r mass brought 22 mm r a i n on 17/7/77 f o l l o w i n g three dry weeks 
(13.5 mm t o t a l ) . The r a i n washed out the dust which had accumulated i n 
the atmosphere, leading t o these high values. 
The seasonal p a t t e r n discussed above and i n Section 4.1.4. can be 
demonstrated by p l o t t i n g the component 1;scores f o r each week (Figure 4.4.), 
High components scores f o r component I correspond w i t h storminess a t sea 
during the autumn, w i n t e r and spring..". ~ . ' • 
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4.2. T h r o u g h f a l l and stemflow i n the s i t k a spruce f o r e s t 
I n t r o d u c t i o n : T h r o u g h f a l l and stemflow, the two pathways through the 
v e g e t a t i o n canopy, have been shown to have a profound e f f e c t on water 
q u a n t i t y and q u a l i t y i n a catchment h y d r o l o g i c a l system (Duvigneaud 
and Denaeyer-ee-Smet, 1970; Ford and Deans. 1978). A g r e a t deal of 
work on t h r o u g h f a l l has i n v e s t i g a t e d the amount of water p e n e t r a t i n g 
the f o r e s t canopy compared with the amoxmt recorded i n the open nearby 
( R u t t e r , 1963; Leyton, Reynolds and Thompson, 1967; D e l f s , 1967; 
I n s t i t u t e of Hydrology, 1976). Helvey and P a t r i c (1965), Reynolds and 
Henderson (1967) and Ford and Deans (1978) examined the d i s t r i b u t i o n o f 
t h r o u g h f a l l under f o r e s t canopies and considered how t h r o u g h f a l l v a r i e d 
with d i s t a n c e from the t r e e stem. I n t h i s study, however, the s p a t i a l 
p a t t e r n of t h r o u g h f a l l was not considered i n d e t a i l except where i t was 
n e c e s s a r y to e x p l a i n v a r i a t i o n s i n the s o l u t e composition of t h r o u g h f a l l 
The main aims of the present study p e r t a i n i n g to t h i s s e c t i o n were 
to i n v e s t i g a t e those c h e m i c a l l y a c t i v e l o c a t i o n s c o n t r i b u t i n g s o l u t e s 
to the h y d r o l o g i c a l system and the e f f e c t of v e g e t a t i o n on chemical 
composition of the h y d r o l o g i c a l pathways. T h r o u g h f a l l not only a f f e c t s 
the amount of water r e a c h i n g the f o r e s t f l o o r , but s i g n i f i c a n t amounts 
of chemicals may be a l s o t r a n s f e r r e d from the v e g e t a t i o n s u r f a c e to the 
s o i l s u r f a c e a s p r e c i p i t a t i o n passes through (Eaton e t a l , 1973). T h i s 
flow of n u t r i e n t s may i n t u r n a f f e c t the stream chemistry (Cleaves e t a l 
1970; F o s t e r . 1977). 
The s o l u t e composition of t h r o u g h f a l l and stemflow depends on the 
g a i n i n chemicals from s e v e r a l sources and the p o s s i b l e l o s s to o t h e r s . 
The i n i t i a l source i s the atmosphere ( S e c t i o n 4.1), both wet and dry 
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f a l l o u t c o n t r i b u t i o n s being important. Vegetation i s a h i g h l y e f f i c i e n t 
c o l l e c t o r of the l a t t e r ( E r i k s s o n . 1955). E r i k s s o n (1955) notes t h a t 
although the s e t t l i n g r a t e o f the atmospheric a e r o s o l s i s very slow they 
can be caught by s m a l l o b s t a c l e s , g r a s s l e a v e s and spruce needles i n 
p a r t i c u l a r . Once the ions are deposited, being hygroscopic, they a r e 
g e n e r a l l y wet, and so cannot be moved f u r t h e r by the wind. Thus they can 
remain deposited on the l e a f s u r f a c e s or washed down i n t h r o u g h f a l l . 
Some n u t r i e n t s may be leached from the l e a v e s ( C a r l i s l e e t a l , 1966) 
the amount depending both on the n u t r i e n t i n v o l v e d and the age and con-
d i t i o n of the l e a v e s (Tukey e t a l , 1965). Tukey e t a l (1965) showed t h a t 
l e a c h i n g i s a p a s s i v e process: t h a t i t does not r e q u i r e energy, and i s 
accomplished by a process of exchange and d i f f u s i o n a t the l e a f s u r f a c e . 
N u t r i e n t s are most e a s i l y leached from the o l d e r t i s s u e where the n u t r i e n t s 
a r e held i n exchangeable form r a t h e r than the younger t i s s u e where the 
n u t r i e n t s are metabolised and held w i t h i n the c e l l s . 
When the n u t r i e n t s a r e washed o f f l e a f s u r f a c e s or leached out, they 
may s u f f e r one of a number o f f a t e s . F i r s t l y , the n u t r i e n t s may be 
i n t e r c e p t e d by other l e a v e s and be deposited as the water evaporates. 
Secondly, they may be absorbed i n t o the l e a v e s from the water ( C a r l i s l e 
e t a l , 1966) or taken up by m i c r o f l o r a on the l e a f s u r f a c e s ( C a r l i s l e e t 
a l , 1967). F i n a l l y , the n u t r i e n t s may reach the f o r e s t f l o o r as e n r i c h e d 
s o l u t i o n (Tamm, 1951; Eaton, -et 1973t--." 
4.2.1. T h r o u g h f a l l amount i n the s i t k a spruce f o r e s t 
S i x t e e n t h r o u g h f a l l c o l l e c t o r s , arranged 1 m a p a r t as shown i n 
F i g u r e 3.7, were s e t up i n the s i t k a spruce p l a n t a t i o n near i n t e r c e p t i o n 
p i t F5 ( F i g u r e 3.4). The t o t a l q u a n t i t y of water c o l l e c t e d during the 
year averaged f o r the 16 c o l l e c t o r s was 881 mm compared with 1628 mm a t 
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the Head we i r r a i n gauge f o r the same p e r i o d . Thus the t h r o u g h f a l l 
q u a n t i t y was 54%. T h i s f i g u r e i s s i m i l a r to other t h r o u g h f a l l s t u d i e s 
under s i t k a spruce such as Leyton e t a l (1967): 52% and Ford and Deans 
(1978): 43%, the l a t t e r being lower than normal because of the i n f l u e n c e 
of the 1976 drought. 
4.2.2. T h r o u g h f a l l chemistry i n the s i t k a spruce f o r e s t 
The mean weighted c o n c e n t r a t i o n of t h r o u g h f a l l (C ) was c a l c u l a t e d 
on a weekly b a s i s as the sum of c o n c e n t r a t i o n times volume i n each 
c o l l e c t o r d i v i d e d by t o t a l volume: 
^C . V. 
r. = - i — A — 
C : Weekly mean weighted c o n c e n t r a t i o n (mg l""'") 
I Concentration of i t h c o l l e c t o r (mg l""*") 
: Volume of i t h c o l l e c t o r (1) 
The annual a r i t h m e t i c mean and annual weighted mean c o n c e n t r a t i o n s were 
then computed as d e s c r i b e d i n S e c t i o n 4.1j.(Table 4.11 and F i g u r e 4,5). 
The i o n i c composition i s the same as bulk p r e c i p i t a t i o n such t h a t f o r 
the c a t i o n s , Na"^> H > Mg "^"^  > Ca'*'"*'> IC* sodium and hydrogen again 
c o n s t i t u t e 70% of the t o t a l c a t i o n i c s t r e n g t h . Assuming t h a t the c a t i o n 
charge, approximately 0.7 m.e. 1~^, balances the anion charge, then 
c h l o r i d e must be the dominant anion. 
Comparison with other r e s u l t s i s r a t h e r d i f f i c u l t because most 
s t u d i e s have documented t h r o u g h f a l l chemistry under d i f f e r e n t t r e e s p e c i e s 
from those monitored i n t h i s study. A l t e r n a t i v e l y , only i n d i v i d u a l t r e e s 
are s t u d i e d , or only p o r t i o n s of the year are considered (Voight, 1960; 
C a r l i s l e e t a l 1966; Eaton e t a l , 1973; Henderson e t a l , 1977). I n 
a d d i t i o n , the d i s t a n c e o f the v a r i o u s study a r e a s from the sea i s 
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Table 4.11. Siimmary s t a t i s t i c s f o r t h r o u g h f a l l chemistry beneath 
s i t k a 
^iinhos 
spruce, 
-1 . cm a t 
14/2/77 to 13/2/78, N = 46. 
25°C, a l l other ions except 
{S.E.C. i n 
pH. i n mg l " ^ ) 
T h r o u g h f a l l 
* 
Unweighted 
Th r o u g h f a l l 
* 
Weighted 
Thr o u g h f a l l 
* 
Weighted 
Mean St.Dev. Mean Mean 
i n m.e. 1 
S.E.C 105.0 58.1 - -
PH 3.83 0.38 3.69 0,20 
Na 9.17 3.73 6.70 0.29 
K 4,54 2.61 2.22 0.06 
Ca 2.84 1.16 1.46 0,07 
Mg 1.66 0.66 0.96 0.08 
SiO^ 0.14 0.13 0.08 0.00 
CI 18.82 9.47 13.79 0,39 
* 
C a l c u l a t e d from weekly u eighted means f o r 16 c o l l e c t o r s . S.E.C. not 
weighted. 
important because of i t s e f f e c t on the a v a i l a b i l i t y o f atmospheric 
a e r o s o l s f o r entrapment by the v e g e t a t i o n . The f i g u r e s i n the l i t e r a t u r e 
a r e u s u a l l y r e p o r t e d i n kg-ha.'"''^a"^ s i n c e most o f the t h r o u g h f a l l s t u d i e s 
a r e concerned with n u t r i e n t c y c l i n g . Table 4.12 f o l l o w s t h i s convention, 
p r e s e n t i n g the q u a n t i t i e s o f n u t r i e n t s i n t h r o u g h f a l l a c t u a l l y r e a c h i n g 
the s o i l and a l s o the quanitity o f n u t r i e n t s washed from the canopy al o n e . 
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Table 4. 12. The q u a n t i t i e s of n u t r i e n t s i n t h r o u g h f a l l from P i c e a 
s i t c h e n s i s , N a rrator catchment, Devon'^, P i c e a a b i e s , 
2 
S c a n i a , S. Sweden and Quercus pe t r a e a , G r i z e d a l e F o r e s t , 
3 -1 -1 Lanes , ( A l l f i g u r e s i n kg/ha- .a- ) 
P i c e a P i c e a Quercus 
s i t c h e n s i s ^ a b i e s petrea"^ 
T o t a l T ' f a l l * T o t a l T * f a l l T o t a l T ' f a l l 
H 1.22 0.88 - -
Na 70.47 8.74 28.2 22,6 82.78 32.02 
K 24.25 17,59 24.5 22.6 18.86 16.02 
Ca 15.46 10.09 18.2 14.7 19.01 12.29 
Mg 10.32 7.18 6.2 5,3 11.70 5.60 
CI 138.79 42.10 57.4 46,3 -
^ T o t a l : T o t a l reaching s o i l i n t h r o u g h f a l l 
T ' f a l l : T o t a l - bulk p r e c i p i t a t i o n 
^ T h i s study 
^ Nihlgard (1970) 
^ C a r l i s l e e t a l (1967) 
For comparison the t h r o u g h f a l l quantj.ties from a spruce canopy i n S. Sweden 
(Nihlgard, 1970) and an oak canopy i n N. Lanes, are a l s o i n c l u d e d . The 
l a t t e r i s only 15 km from the s e a , l o c a t e d on the s i d e of a v a l l e y running 
south to the c o a s t . Hence the f i g u r e s r e f l e c t t h i s proximity to the s e a 
and so are d i r e c t l y comparable with t h i s p r e s e n t study. The net c h l o r i d e 
t h r o u g h f a l l r e s u l t s f o r t h i s experiment are s i m i l a r to those given by 
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Nihlg&rd (1970) and a r e due s o l e l y to entrapment by the spruce n e e d l e s . 
These f i g u r e s t h e r e f o r e r e p r e s e n t an a d d i t i o n a l input i n t o the catchment 
not monitored by the bulk p r e c i p i t a t i o n c o l l e c t o r s , the s e t t l i n g r a t e o f 
the a e r o s o l s being i n s i g n i f i c a n t due to the t u r b u l e n t nature o f the a i r . 
4.2.3. O r i g i n of ions i n s i t k a spruce t h r o u g h f a l l 
Ions i n t h r o u g h f a l l may o r i g i n a t e i n the atmosphere or from b i o l o g i c a l 
s o u r c e s . The chemical composition of t h r o u g h f a l l i s d i f f e r e n t from bulk 
p r e c i p i t a t i o n f o r reasons d i s c u s s e d i n the i n t r o d u c t o r y s e c t i o n . 
F i r s t l y , evaporation w i l l c oncentrate the r a i n f a l l s o l u t i o n ; secondly, 
entrapment w i l l add more dry f a l l o u t and t h i r d l y , t h e r e w i l l be l e a c h i n g 
of p l a n t n u t r i e n t s from the l e a f s u r f a c e s . Evaporation w i l l a f f e c t the 
co n c e n t r a t i o n of a l l the ions by the same amount. Table 4.13 p r e s e n t s 
the mean weighted t h r o u g h f a l l c o n c e n t r a t i o n s and those p r e d i c t e d by 
t a k i n g evaporation i n t o account by holding the sum t o t a l o f the weekly 
in p u t s constant and reducing the amount of water p r e s e n t . Since the r a i n f a l l 
at Headweir . (1628 mm) i s reduced to almost h a l f (828 mm), then the 
co n c e n t r a t i o n of bulk p r e c i p i t a t i o n w i l l approximately double. Thus 
the c o n c e n t r a t i o n of c h l o r i d e should i n c r e a s e from 5.94 mg 1 ^ (Table 
4.1) i n p r e c i p i t a t i o n to 10.97 mg l " " ^ (Table 4.13 column 2) i n t h r o u g h f a l l 
by evaporation alone. However, as shown i n Table 4.13, the measured 
co n c e n t r a t i o n was 13,79 mg 1 (column 1 ) , an i n c r e a s e of 1.3 times t h a t 
p r e d i c t e d (column 3 ) . T h i s i n c r e a s e was due to the e f f i c i e n t entrapment 
of c h l o r i d e a e r o s o l s by the spruce needles ( E r i k s s o n , 1955). The 
e f f i c i e n c y o f the c a t c h i s a f u n c t i o n of wind v e l o c i t y and r a d i u s of the 
o b s t a c l e , i n c r e a s i n g with wind v e l o c i t y and d e c r e a s i n g r a d i u s . The 
roughness of the spruce canopy a l s o c r e a t e s turbulence above i t so t h a t 
more p a r t i c l e s w i l l be t r a n s p o r t e d by t u r b u l e n t exchange from higher 
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Table 4.13. Comparison between the measured mean weighted t h r o u g h f a l l 
c o n c e n t r a t i o n s and those p r e d i c t e d by t a k i n g evaporation 
i n t o account ( a l l f i g u r e s except pH i n mg/1, r a i n f a l l 
depth: 1628 mm, t h r o u g h f a l l depth: 881 mm) 
Measured 
co n c e n t r a t i o n 
P r e d i c t e d 
c o n c e n t r a t i o n Change"^ 
pH 
Na 
K 
Ca 
Mg 
SiO 
CI 
3.69 
6.70 
2.22 
1,46 
0.96 
0,08 
13.79 
4.00 
7.00 
0.76 
0.61 
0.81 
0.01 
10.97 
2.0 
1.0 
3.0 
2.4 
1.2 
7,2 
1.3 
^ Change = Measured - r p r e d i c t e d c o n c e n t r a t i o n 
l a y e r s . Thus the s i t k a spruce f o r e s t i s an extremely e f f i c i e n t d e v i c e 
f o r atmospheric entrapment. 
The diameter of the spruce needles i s such t h a t they w i l l only 
c o l l e c t the l a r g e OP 'giant p a r t i c l e s ' ( r a d i u s 0.8 to 8 jjin, E r i k s s o n , 
1955). Based on data from Junge (1956) i n E r i k s s o n (1960) the concen-
t r a t i o n of sodium i n these 'giant p a r t i c l e s ' i : - only about h a l f t h a t of 
c h l o r i d e . The i n c r e a s e i n sodium by entrapment w i l l t h e r e f o r e be about 
h a l f t h a t o f c h l o r i d e . One reason f o r the measured c o n c e n t r a t i o n being 
lower than the p r e d i c t e d may be due to instrument e r r o r . 
The d i s t i n c t i o n between ions of e c o l o g i c a l importance and those not 
important to p l a n t s i s shown i n Table 4 . l 3 . i o n s o f b i o l o g i c a l o r i g i n 
such as potassium, calcium and s i l i c a d e r i v e d by the l e a c h i n g of l e a v e s 
show the g r e a t e s t i n c r e a s e and i o n s of atmospheric o r i g i n the l e a s t . 
Potassium and c a l c i u m are both macro-nutrients ( R u s s e l l , 1973). 
Potassium, i n p a r t i c u l a r , i s r a p i d l y r e c y c l e d through the ecosystem 
because of the magnitude of i t s l e a c h i n g from l e a v e s (White, 1979), 
128 
L i k e n s e t a l (1977) a l s o found t h a t during the growing season t h r o u g h f a l l 
and stemflow were enriched i n potassium (0.07 to 6.37 mg 1 ~ ^ ) , magnesium 
(0.03 to 0.45 mg l"**") and calcium (0.16 to 1.59 mg 1 ~ ^ ) . 
Unlike L i k e n s e t a l (1977), however, t h i s i n v e s t i g a t i o n found t h a t 
the pH i n t h r o u g h f a l l was lower than t h a t i n the open. The decrease i n 
pH i s due to a c i d i f y i n g substances being added as the spruce needles 
were leached, p o s s i b l y from fungi a t t a c k i n g the l e a v e s i n s i t u . T h i s 
phenomenon was a l s o observed by NihlgSrd (1970) and Vtorova (1978) who 
both noted t h a t r a i n f a l l became very a c i d a f t e r p e n e t r a t i n g a spruce 
canopy. The r e s u l t i s q u i t e d i f f e r e n t from L i k e n s e t a l (1977) because 
they were working i n a deciduous f o r e s t . The pH i n t h r o u g h f a l l was 
g r e a t e r than t h a t i n r a i n f a l l because of the c a t i o n exchange pr o c e s s e s 
t a k i n g p l a c e . 
I n order to i n v e s t i g a t e the r e l a t i o n s h i p between the i n d i v i d u a l i o n s 
a . „ra,n i? •-" ^ c o r r e l a t i o n matrix was c a l c u l a t e d (Table 4,14). 
T h i s shows t h a t sodium, magnesium and c h l o r i d e are a l l h i g h l y r e l a t e d 
(0-001 s i g n i f i c a n c e l e v e l ) , as a r e potassium, calcium and magnesium 
(0.01 . l e v e l of s i g n i f i c a n c e ) . Potassium, a p l a n t n u t r i e n t , i s not 
c o r r e l a t e d with e i t h e r sodium or c h l o r i d e . T h i s confirms t h a t sodium 
and c h l o r i d e a r e of atmospheric o r i g i n (Juang and Johnson. 1967; Nihlg&rd, 
1970). and c a s t s doubt on the statement by A t t i w i l l (1966) t h a t sodium i s 
a l e a f -exudate. Magnesium i s h i g h l y c o r r e l a t e d with potassium and 
c a l c i u m (0.001 l e v e l of s i g n i f i c a n c e ) -these elements a l l being \ 
p l a n t macro-nutrients. 
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Table 4, 14. Rank c o r r e l a t i o n matrix of t h r o u g h f a l l q u a l i t y data 
(N = 38) 
S.E.C. pH Na K Ca SiO^ 
pH -0.39 
Na 
*** 
0.53 -0,01 
K 
* ** 
0.66 -0.24 -0.02 
Ca 
#•11'•» 
0,78 -0.22 
* • 
0.46 0.62 
Mg 0.90 -0.31 0.74 
* «• 
0.48 0.84 
SiO^ 0.06 -0.13 0.02 0,09 0.29 0.07 
CI 
** 
0.52 -0.03 
*** 
0,86 0.05 
*« 
0.48 
*** 
0.74 0,02 
*** 
0. 001 l e v e l o f s i g n i f i c a n c e 
** 
0. 01 l e v e l o f s i g n i f i c a n c e 
* 
0. 05 l e v e l o f s i g n i f i c a n c e 
4.2.4. Temporal v a r i a t i o n s i n s i t k a spruce t h r o u g h f a l l chemistry 
Seasonal changes i n t h r o u g h f a l l c o n c e n t r a t i o n s have been noted by 
many authors ( W i l l , 1959; Voight, 1960), Madgewick and O.vington (1959) 
observed t h a t s i n c e c o n i f e r o u s t r e e s r e t a i n t h e i r l e a v e s i n wi n t e r they 
l o s e t h e i r n u t r i e n t s throughout the y e a r . The temporal d i s t r i b u t i o n o f 
the weighted mean weekly c o n c e n t r a t i o n of s o l u t e s i n t h r o u g h f a l l beneath 
a s i t k a spruce canopy i s presented i n F i g u r e 4.6. The f i r s t c o l l e c t i o n 
was made on the 21st February, 1977 and as with F i g u r e 4.2, water from 
more than one event may be present i n the c o l l e c t o r s . The weekly 
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c o n c e n t r a t i o n , shown as the s o l i d l i n e i n F i g u r e 4.6, i s f i r s t l y weighted 
according to the c o n c e n t r a t i o n and amo-xTc oC . r a i n f a l l which occurred 
during the week, and secondly according to the chemical composition and 
volume present i n each c o l l e c t o r . The r e s u l t s show g r e a t v a r i a b i l i t y 
throughout the year with few d i s c e r n i b l e t r e n d s . The dashed l i n e s , 
r e p r e s e n t i n g the 5 week running means as i n F i g u r e 4.2. e x h i b i t a very 
weak s e a s o n a l component. T h i s almost complete l a c k o f trends suggests 
t h a t the v a l u e s are mainly r e l a t e d to random storm events. 
Sodium and c h l o r i d e e x h i b i t a winter maximum which occurs i n mid-
December, the c o n c e n t r a t i o n remaining high u n t i l May and then d e c l i n i n g 
to a summer minimum. The higher c o n c e n t r a t i o n s and amounts of these 
s o l u t e s i n w i n t e r a r e r e l a t e d to the g r e a t e r storminess during t h i s 
p e riod as d e s c r i b e d i n S e c t i o n 4.1.4. Greater turbulence a t sea c r e a t e d 
s u b s t a n t i a l q u a n t i t i e s of a e r o s o l s which were subsequently trapped by 
the v e g e t a t i o n . 
The s e a s o n a l component may be demonstrated f u r t h e r by c o n s i d e r a t i o n 
of Table 4.15 which compares the s o l u t e input f o r seven weeks i n June-
J u l y with seven weeks i n December-January. There i s ' a g r e a t c o n t r a s t 
between the t h r o u g h f a l l input of sodium and c h l o r i d e , the winter t o t a l 
being a t l e a s t double the summer one. As with the other marine d e r i v e d 
i o n s , magnesium was a l s o g r e a t e s t i n winter. The t e r r e s t r i a l l y d e r i v e d 
ions were g r e a t e s t i n summer, with potassium input i n June-July being 
double t h a t i n December-January, d e s p i t e the f a c t t h a t t h r o u g h f a l l 
q u a n t i t y was only one t h i r d the amount i n these winter months. 
The sodium and c h l o r i d e p a t t e r n s e x h i b i t e d i n F i g u r e 4.6 are very 
s i m i l a r to those monitored i n the open ( F i g u r e 4.2) d i s c u s s e d i n 
S e c t i o n 4.1.4. The behaviour of potassium and calcium, the p l a n t 
n u t r i e n t s , w i l l depend on b i o l o g i c a l mechanisms as w e l l as the p a t t e r n 
of atmospheric i n p u t s . These w i l l d i s c u s s e d i n more d e t a i l . 
131 
Table 4.15. The q u a n t i t i e s of n u t r i e n t s i n t h r o u g h f a l l from P i c e a 
s i t c h e n s i s f o r the year, June to J u l y , and December to 
January. ( A l l f i g u r e s i n c l u d i n g hydrogen i n Kg ha" ). 
Year ^ June-July December-January 
Total"*" T ' f a l l T o t a l T * f a l l T o t a l T ' f a l l 
T h r o u g h f a l l 
amount (mm) 881 60 198 
H 1.22 0.34 0.13 0.05 0.17 0.07 
Na 70.5 8.7 3.1 0.9 16.4 1.8 
K 24.3 17.6 5.4 3.2 1.9 1.5 
Ca 15.5 10.1 2.3 1.7 2.1 1.5 
Mg 10.3 7.2 2.0 0.8 1.1 1.0 
CI 138.8 42.1 8.5 4.7 28.0 13.4 
T o t a l : T o t a l r e a c h i n g s o i l i n t h r o u g h f a l l 
* T ' f a l l : T o t a l - bulk p r e c i p i t a t i o n 
Potassium: The potassium c o n c e n t r a t i o n s were h i g h e s t i n summer 
(F i g u r e 4,6), corresponding to the behaviour of bulk p r e c i p i t a t i o n 
( F i g u r e 4.2). T h i s phenomenon i s p a r t l y a r e f l e c t i o n of the lower 
q u a n t i t i e s of water p a s s i n g through the canopy during the summer. I n 
p a r t i c u l a r , low i n t e n s i t y r a i n f a l l events, a s s o c i a t e d with sma l l amounts 
of r a i n f a l l , w i l l l e a d to high c o n c e n t r a t i o n s of potassium. L i g h t r a i n f a l l 
i s very e f f e c t i v e means of l e a c h i n g , the long r e s i d e n c e f a c i l i t a t i n g 
c a t i o n exchange. As the du r a t i o n o f the storm i n c r e a s e s so the concen-
t r a t i o n d e c r e a s e s . For example the c o n c e n t r a t i o n on 6/6/77 decreased 
from 16.7 mg l " " * " (4 mm) to 3.9 mg l ' " ^ (47 mm). However, the amount of 
potassium c o l l e c t e d i n the l a t t e r storm was about th r e e times t h a t of the 
former, so c o n c u r r i n g with r e s u l t s o f W i l l (1959) t h a t i n c r e a s e d d u r a t i o n 
of r a i n f a l l l e a d s to i n c r e a s i n g amounts of potassium. 
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Another reason f o r the high c o n c e n t r a t i o n s and high inputs i n 
t h r o u g h f a l l during the summer ( F i g u r e 4.4 and Table 4.15) i s the age of 
the l e a v e s . According to Eaton e t a l (1973), ageing of l e a v e s i s the 
dominant f a c t o r i n the i n c r e a s e of potassium c o n c e n t r a t i o n i n t h r o u g h f a l l 
during the growing season. T h e i r r e s u l t s f o r deciduous t r e e s showed 
the h i g h e s t l e v e l s during senescence i n autumn, thought to be due to 
d e t e r i o r a t i o n of the l e a f c u t i c l e . T h i s would e x p l a i n the secondary 
peak i n October. I n c o n t r a s t to t h i s p r e s ent study and that of Eaton 
e t a l (1973), Henderson e t a l (1977) working i n a spruce f o r e s t , found 
that the h i g h e s t c o n c e n t r a t i o n s were recorded i n the dormant period. 
Calcium: Calcium c o n c e n t r a t i o n s reached a peak i n l a t e May, e a r l y 
June, s l i g h t l y before potassium. The g r e a t e s t amount of calcium l o s t 
i n one storm occurred on 13/6/77 and an i d e n t i c a l f e a t u r e was a l s o 
recorded f o r potassium, Tukey e t a l (1965) developed the hypothesis 
t h a t young v i g o r o u s l y growing t i s s u e s accumulate calcium from exchange 
s i t e s , reducing the amount of exchangeable calcium a v a i l a b l e f o r l e a c h i n g . 
I n mature t i s s u e s , s i n c e there i s a reduced r a t e of accumulation of 
calcium i n the c e l l s , there i s more exchangeable calcium a v a i l a b l e f o r 
l e a c h i n g . T h i s present i n v e s t i g a t i o n found t h a t c a l c i u m l e a c h i n g was 
-1 
s l i g h t l y higher i n the summer compared with the winter C l . 7 c f . 1.5 kg ha 
Table 4.15). T h i s suggests that the a c t i v i t y of the t r a n s p i r a t i o n stream 
t r a n s p o r t i n g c a t i o n s to the l e a v e s i s s l i g h t l y more important than the 
age of the l e a v e s , 
4.2.5. T h r o u g h f a l l chemistry beneath s i t k a spruce and hydro-meteoro-
l o g i c a l c o n d i t i o n s 
The hydro-meteorological c o n d i t i o n s such as the aaount of r a i n f a l l or 
i n t e n s i t y of a storm may a f f e c t the c o n c e n t r a t i o n of the v a r i o u s ions i n 
t h r o u g h f a l l (Table 4.16). There appear to be two main groups of elements 
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Table 4. 16. Rank c o r r e l a t i o n matrix of s i t k a spruce t h r o u g h f a l l 
chemistry and hydro-meteorological c o n d i t i o n s (N = 35) 
W.Tot. APo^ 30 M.D.T. 2hr I n t . Temp. S . I . 
S.E.C. 
• 
-0.56 -0.30 
* * 
-0.54 
• • • 
-0.55 -0.22 -0.05 
pH -0.38 0.28 0.32 0.33 0.21 0.31 
Na -0.20 0.08 -0.37 -0.32 
*** 
-0.56 
• • • 
0.60 
K 
• • • 
-0.55 -0.51 -0.46 -0.41 0.33 
• 
-0.56 
Ca 
*** 
-0.57 -0.30 
* * 
-0.52 -0.52 0.03 -0.06 
Mg »* -0.47 -0.19 
• • 
-0.52 -0.50 -0.38 0.16 
SiO^ -0.19 -0.06 -0.44 -0.11 0.22 -0.04 
CI -0.18 0.06 -0.27 -0.26 
• • 
-0.51 0.40 
*** 
0.001 s i g n i f i c a n c e l e v e l W.Tot. T o t a l p r e c i p i t a t i o n f o r the week 
0.01 s i g n i f i c a n c e l e v e l Antecedent p r e c i p i t a t i o n index 
• 
0.05 s i g n i f i c a n c e l e v e l M.D.T. McLximum d a i l y t o t a l 
2hr I n t .Maximum 2 hour i n t e n s i t y 
S . I . Seasonal index 
observable i n Table 4.16: f i r s t l y the p l a n t n u t r i e n t s and secondly the 
non-plant n u t r i e n t s . The p l a n t n u t r i e n t s , potassium, calcium and 
magnesium are a l l s i g n i f i c a n t l y c o r r e l a t e d with the amount of water 
p a s s i n g through the canopy. The amount of water p a s s i n g through the 
veg e t a t i o n i n the week does not a f f e c t sodium or c h l o r i d e , and f o r these 
ions the season seems to be most important v a r i a b l e . T h i s i s probably a 
r e f l e c t i o n of the production of the atmospheric a e r o s o l s d i s c u s s e d above 
i n the S e c t i o n 4.1.2. Potassium i s unusual i n so f a r as i t s c o n c e n t r a t i o n 
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i s r e l a t e d both to the seas o n a l index and to the h y d r o l o g i c a l f a c t o r s . 
Potassium i s the most e a s i l y l e a c h e d n u t r i e n t and i t does not depend on 
r a t e o f supply to the l e a v e s , but only on the ageing or weathering 
p r o c e s s e s (Eaton e t a l , 1973). Calcium i s only r e l a t e d to the amount of 
water p a s s i n g through the canopy, and i s u n a f f e c t e d by season. Magnesium 
behaves i n a s i m i l a r manner to potassium and ca l c i u m . The l e a c h i n g 
mechanism i s now dominant so t h a t the magnesium c o n c e n t r a t i o n e x h i b i t s 
t r a i t s only a s s o c i a t e d with the p l a n t n u t r i e n t s . 
4.2.6. P r i n c i p a l components a n a l y s i s of s i t k a spruce t h r o u g h f a l l c h e m i s t r y 
data 
The same e i g h t chemical v a r i a b l e s were inc l u d e d i n the P.C.A. as 
were used i n the a n a l y s i s of bulk p r e c i p i t a t i o n data ( S e c t i o n 4.1.6). The 
f i r s t three components explained 85% of the v a r i a n c e , a l l these components 
p o s s e s s i n g eigenvalues g r e a t e r than 1.0. 
The loadings f o r these t h r e e components are presented i n Table 4.17. 
Component I , which e x p l a i n s 52% of the v€u?iance, i s dominated by the 
Table 4.17. Component loadings on the f i r s t t hree p r i n c i p a l components 
of s i t k a spruce t h r o u g h f a l l chemistry 
Component I Variance explained 5296 
Magnesium 
C o n d u c t i v i t y 
Calcium 
Sodium 
C h l o r i d e 
0.474 
0.455 
0.420 
0.409 
0.398 
Component I I Variance explained 19% 
S i l i c a 
Potassium 
0.561 
0.480'. 
Component I I I Variance explained 14% 
PH 
Potassium 
0.829 
0.440 
T o t a l v a r i a n c e e x p l a i n e d 85% 
marine de r i v e d s o l u t e s together w i t h c o n d u c t i v i t y and c a l c i u m (Table 4,17). 
T h i s suggests t h a t not only are the marine de r i v e d s a l t s most s i g n i f i c a n t 
i n the annual v a r i a t i o n of bulk p r e c i p i t a t i o n chemistry ( S e c t i o n 4.1,6) 
but t h a t t h e i r i n f l u e n c e i s dominant i n s i t k a t h r o u g h f a l l chemistry. 
Components I I and I I I , which together e x p l a i n 33% of the v a r i a n c e , p o s s e s s 
high loadings f o r s i l i c a , potassium and pH. These i o n s a r e a l l d e r i v e d 
from the v e g e t a t i o n as d i s c u s s e d i n Section 4.2.3. 
I n t e r p r e t a t i o n of r e s u l t s : F i g u r e 4.7 p r e s e n t s the p l o t s f o r the component 
s c o r e s on axes I and I I . As with F i g u r e 4.3, samples are i d e n t i f i e d by 
week numbers on the f i r s t p l o t and by month of c o l l e c t i o n on the second. 
Axis I i s a measure of magnesium, c o n d u c t i v i t y , calcium, sodium and c h l o r i d e 
and a x i s I I depends onsilitxand potassium. The axes are s c a l e d such t h a t 
a x i s I . e x p l a i n i n g 52% of the v a r i a t i o n , i s g r e a t e r than a x i s I I which 
e x p l a i n s only 19%. 
Sample 20 (Oct.) l y i n g c l o s e to the c e n t r e of the diagram has a s o l u t e 
c o n c e n t r a t i o n c l o s e to the annual weighted mean (Table 4.11^. During the 
week a moist s o u t h - w e s t e r l y a i r s t r e a m dominated the weather, winds were 
very s t r o n g , g u s t i n g t o 45 k t s and t h e r e were heavy outbreaks of r a i n 
(42 mm t o t a l f o r the week). Samples 4 (Mar), 19 ( O c t ) , 24 (Dec) and 26 
(Jan) had high c o n c e n t r a t i o n s of the marine d e r i v e d ions and high conduc-
t i v i t i e s and thus possessed high component loadings on a x i s I . R a i n f a l l 
was low f o r each of these weeks (19.5, 17, 8.5 and 14 mm r e s p e c t i v e l y ) ; 
c o n c e n t r a t i o n s were high because of the f a c i l i t y f o r c a t i o n exchange 
p r o c e s s e s to take p l a c e . Sample 26 (Jan) p o s s e s s i n g a high component 
loading was a s s o c i a t e d with the very u n s e t t l e d weather a t the end of 
January. The p r e v a i l i n g c o n d i t i o n s were as f o l l o w s : on the 28th t h e r e 
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was strong thermal a c t i v i t y , heavy r a i n and showers, and on the 29th and 
30th st r o n g n o r t h e r l y winds b r i n g i n g s l e e t showers and f r e e z i n g conditions. 
A x i s I I component s c o r e s depend on potassium and s i l i c a . A s e a s o n a l 
trend i s apparent on t h i s a x i s with summer samples p o s s e s s i n g high com-
ponent loadings and winter c o l l e c t i o n s low l o a d i n g s . For example, sample 
19 (Sep) has high potassium and s i l i c a c o n c e n t r a t i o n s (3.7 and 0.76 mg 1 ^ 
r e s p e c t i v e l y ) whereas they were very low f o r sample 29 (Jan) (1.0 and 
0.0 mg 1~^ r e s p e c t i v e l y ) . 
Examination of the second p l o t shows t h a t except f o r the s l i g h t 
s e a s o n a l trend on a x i s I I , temporal v a r i a t i o n s appear almost random. 
4.2.7. Stemflow i n the s i t k a spruce f o r e s t 
The measurement of stemflow has been ignored by many s t u d i e s e i t h e r 
because i t s c o n t r i b u t i o n was considered to be n e g l i g i b l e or e l s e a l a r g e 
number of c o l l e c t o r s are r e q u i r e d to reduce the v a r i a t i o n between t r e e s . 
Law (1957), f o r example, found v a r i a t i o n s o f 100 per cen t between the 
amounts recorded from stemflow down t r e e s i n the same f o r e s t e d p l o t . 
S i m i l a r l y , Helvey and P a t r i c (1965) noted the enormous stemflow v a r i a t i o n 
between t r e e s and between storm events. 
Stemflow q u a n t i t y : Stemflow q u a n t i t i e s were not monitored i n t h i s 
study because of the l i m i t a t i o n s o f the c o l l e c t o r s . However, an experiment 
by P r e s t t (1978) which monitored nine storms u s i n g 50 stemflow c o l l a r s 
s i t e d i n the s i t k a spruce p l a n t a t i o n , found t h a t the q u a n t i t y of stemflow 
v a r i e d from 0.03 to 9,25 per cent of i n c i d e n t r a i n f a l l . According to 
P r e s t t (1978) o v e r a l l stemflow comprised approximately 1.0 per cent of 
gro s s r a i n f a l l . T h i s r e s u l t i s of the same order as reported by D e l f s 
(1967), 0.7 per cent, but lower than the 3 per cent recorded by Nihlggurd 
(1970), both experiments being conducted i n a Norway spruce ( P i c e a a b i e s ) 
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plantation. No attempt was made to calculate t o t a l quantity of stemflow 
during the year because of the many possible errors involved in both the 
measurement and extrapolation of r e s u l t s . Following Ward (1975), omission 
of stemflow may not s i g n i f i c a n t l y a f f e c t the v a l i d i t y of r e s u l t s . 
Stemflow quality: Samples of water were collected from the stemflow 
collectors at either end of the throughfall monitoring s i t e (Figure 3.7), 
adjacent to 5F (Figure 3.4). Only arithmetic mean values could be 
calculated because of the lack of information on quantities involved 
(Table 4.18). Comparison of the mean and standard deviation shows that 
Table 4.18. Summary s t a t i s t i c s for one stemflow col l e c t o r i n the 
Sitka spruce forest. 14/3/77 to 6/2/78, N = 38. (In 
column A, S.E.C. i n c h e s cm~"^  at 25*^ C and a l l other 
ions except pH in mg l " " ^ , in column B, units are m.e. l""*") 
A. Stemflow 
unweighted 
B. Stemflow 
unweighted 
Mean Std.Dev. Mean 
S.E.C. 351 278 -
pH 3.64 0.40 0.229 
Na 14.00 6.54 0.608 
K 11.92 11.40 0.305 
Ca 6.60 6.58 0.329 
Mg 3.85 5.28 0.296 
SiO^ 0.23 0.33 0.004 
CI 38.83 42.76 1.094 
the v a r i a b i l i t y was often 100 per cent. However, the great range of the 
chemical concentrations was si m i l a r to that reported in the l i t e r a t u r e . 
For example, potassium ranged from 2.0 to 55.8 mg l " " ^ and calcium from 
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3,3 to 32,4 mg 1 ^ which i s consistent with values given by C s i r l i s l e et a l , 
(1967) and Killingbeck and Wall (1978). 
Ionic composition i s in the order Na"^ > Ca'*""*"> Mg'*""^> K'^> H"*" for the 
cations. Calcium has become more important sind hydrogen less so than in 
either bulk precipitation or throughfall. 
Conductivity and a l l the solutes were enriched compared with the 
r a i n f a l l and throughfall chemistry (Table 4.11). Sodium and chloride 
concentrations in stemflow were approximately double those in throughfall, 
but potassium, calcium and magnesium, the plant nutrients, increased by 
a greater proportion (2.6x, 2.3x, 2.3x. r e s p e c t i v e l y ) . Evaporation of 
stemflow from the bark accounts for much of t h i s , though leaching may 
also be important. The stem has large surface area on account of the 
s i z e of the trees and roughness of the bark, which f a c i l i t a t e s evaporation. 
4,3. Bracken throughfall and stemflow 
4.3.1. Throughfall and stemflow amounts beneath bracken 
Three throughfall and stemflow co l l e c t o r s were established i n the 
bracken at s i t e s Bl, B2, B3 (Figure 3.4) using the method described by 
C a r l i s l e et a l (1967). The plots were i n s t a l l e d in May. 1977 and 
monitored from emergence in June u n t i l senescence in October (Figure 3.9). 
During t h i s f i v e month period the bracken canopy intercepted 48.7% of 
the incident precipitation: that i s , of the 462 mm of incident r a i n f a l l 
only 237 mm were collected as throughfall and stemflow. On an annual 
basis the t o t a l interception loss for the year was about 20%. Thus 
during the period when the bracken was a l i v e the interception was s i m i l a r 
to that in the s i t k a spruce plantation. Once the bracken had decayed, 
(1967) 
however, the interception was minimal. Only C a r l i s l e et al/report through-
f a l l figures beneath bracken. They found that in spite of the fact that 
the bracken canopy was not very dense, the bracken intercepted 12.7 per cent 
of the water f a l l i n g from the overstorey during July to October, and 3.7 
per cent for the year. 
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4.3.2. Throughfall and stemflow chemistry beneath bracken 
Although the collectors were established at different elevations 
and with different stand densities a Mann-Whitney U t e s t showed that 
there was no s i g n i f i c a n t difference (0^5 significance l e v e l ) in the 
throughfall and stemflow concentrations between the s i t e s . Using a l l 
three interception s i t e s , a weighted mean was calculated on a weekly 
basis in the same manner as for the throughfall collectors i n the s i t k a 
spruce forest (Section 4.2.2). Summary s t a t i s t i c s are presented in 
Table 4.19 and diagramnatically in Figure 4,3. The throughfall v/eighted 
Table 4.19. Summary s t a t i s t i c s for throuRhfall and stemflow chemistrv 
beneath bracken, 6/6/77 to 31/10/77, N = 18. (S.E.C. in 
^mhos cm ^ at 25*^ C, a l l other ions except pH in mg 1 ) 
Throughfall Throughfall Throughfall 
Unweighted* Weighted* Weighted* 
Mean Std.Dev. Mean Mean ^ in m.e. 1 
S.E.C. 72.3 58.5 - -
PH 4.85 0.93 4.59 0.026 
Na 3.92 3.67 3.29 0.143 
K 8.03 8.21 16.49 0.422 
Ca 2.20 2.17 1.40 0.070 
Mg 0.70 0.58 0.51 0.043 
SiO^ 0.90 0.79 0.74 0.012 
CI 13.08 16.42 9.96 0.281 
* Calculated from weekly weighted means for 3 c o l l e c t o r s . S.E.C. not 
weighted 
mean concentrations beneath bracken (Tabl e 4.19) are intermediate between 
those of bulk precipitation chemistry (Table 4.1) and s i t k a spruce 
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(Table 4.11) with the exception of sodium and potassium. Sodium concen-
tration i s lower than that found in the rai n (Table 4.1) because the 
bracken throughfall study only considers the summer period when atmos-
pheric sodium l e v e l s are low. Potassium has a very high concentration 
(16.5 mg 1 ^ ) compared with s i t k a spruce throughfall (2.2 mg 1 ^ ) , The 
main reason for t h i s i s that substantial quantities of potassium were 
leached from the Pteridium when i t died i n autumn. 
The ionic composition i s i n the order K"*" > Na "*"> Ca "*""*"> Mg > H 
similar to that given by C a r l i s l e et a l (1967). Table 4.20 shows that 
bracken throughfall i s dominated by potassium. - -This constitutes 
70 per cent of the cationic strength. With the exception of potassium, 
the weighted mean concentration for a l l the ions i s l e s s than that for 
the unweighted mean te.that large amounts of water have lower concentrations 
Potassium, however, did not follow t h i s pattern because of high concen-
trations i n October as the bracken died, i n combination with the large 
amounts of water passing through the canopy. 
Comparison with C a r l i s l e et a l (1967) (Table 4.20) shows that the 
quantity of nutrients i n throughfall and stemflow alone i s f a i r l y s i m i l a r . 
The greater amount of nutrients recorded i n t h i s study i s due to the very 
2 
dense bracken development (12 fronds per m ) compared with the sparser 
bracken in Grizedale Forest, 
4.3.3. Temporal variation in throughfall and stemflow chemistry 
Bracken exhibited a seasonal pattern of growth, maturity and decay 
which had a profound effect on the chemical concentration of throughfall 
and stemflow. The Pteridium fronds were a l i v e for about f i v e months, 
emerging in late May, forming a complete canopy by the end of June and 
then dying in l a t e October. The temporal distribution of the weighted 
mean concentration of solutes i s plotted i n Figure 4.9, commencing on 
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Table 4,20. The quantities of nutrients in throughfall and stemflow 
from bracken (Pteridium aquilinum) in the Narrator 
catchment, Devon and the Grizedale Forest, Lanes. 
( A l l figures in kg; ha7^ a*"^) 
Total 
Narrator catchment" 
+ T ' f a l l + Stem.* Total 
Grizedale Forest 
+ T ' f a l l + Stem.* 
H 
Na 
K 
Ca 
Mg 
CI 
0.93 
61.8 
23.9 
8.1 
7.3 
115.1 
0.04 
0.0 
17.2 
2.7 
0.1 
11.1 
52.5 
12.2 
6.8 
7.1 
1.7 
9.4 
0.1 
1.0 
Total: Total reaching s o i l in throughfall and stemflow. 
* T ' f a l l + Stem: Total - bulk precipitation. 
^ This study. 
^ C a r l i s l e et a l (1967) 
6th June, 1977, Three types of variation can be observed. F i r s t l y , 
conductivity shows a very e r r a t i c pattern, with a very large range of 
values. Secondly, pH shows a r i s i n g trend through the period. Thirdly, 
the cations, which are generally low, exhibit a dramatic increase in 
concentration in October. This l a s t phenomenon i s c l e a r l y demonstrated 
in Table 4.21. 
The r i s e in pH from September to October coincides with the increase 
i n cation concentration. This behaviour would confirm the proposal by 
Tukey et a l (1965) that leaching i s accomplished by a process of exchange 
and diffusion. Hydrogen, released by the dissociation of carbonic acid, 
exchanges with cations on the c u t i c l e exchange s i t e s . 
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Table 4.21. Seasonal eurithmetic mean concentrations of throughfall 
and stemflow beneath bracken-(Pterid ium aquilinum).. 
( A l l ions, except pH, in mg 1 ''') 
6/6/77-
26/9/77 
3/10/77-
31/10/77 
Total (6/6/77-31/10/77) 
Period 
pH* 4.51 5.46 4.59 
Na 1.87 9.25 3.92 
K 3.80 19.02 8.02 
Ca 1.06 5.15 2.20 
Mg 0.41 1.46 0.70 
SiO^ 0.56 1.81 0.90 
CI 4.17 36.23 13.08 
* pH weighted mean. 
Three phases can be proposed in the leaching of cations from the 
bracken canopy. F i r s t l y , during the period of bracken growth and develop-
ment the nutrients i n the young tissue are quickly metabolised within 
c e l l s and so are d i f f i c u l t to leach (Tukey et a l , 1965). Throughfall 
concentrations were s i m i l a r to those in bulk precipitation. Secondly, 
as the bracken matures and ages, the nutrients are held in the tis s u e s in 
exchangeable forms and are thus more e a s i l y leached. F i n a l l y as the 
bracken dies, the leaves deteriorate by weathering and the elements s h i f t 
from the r e l a t i v e l y immobile to the more molecular form (Eaton et a l , 1973), 
so that substantial quantities of the cations are leached and returned to 
the s o i l for recycling. Frankland (1976) has also noted t h i s very rapid 
loss of cations from decaying bracken l e a f l i t t e r . 
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4.3.4. Throughfall-stemflow chemistry beneath bracken and hydro-
meteorological conditions 
The concentration of solutes i n bracken throughfall and stemflow w i l l 
vary with the hydro-meteorological conditions (Table 4.22) as demonstrated 
previously for throughfall beneath s i t k a spruce. Unlike the l a t t e r , 
however, where the behaviour of two types of elements could be distinguished, 
t h i s i s not possible for bracken throughfall and stemflow. Instead there 
Table 4.22. Rank correlation matrix of bracken throughfall-stemflow 
chemistry and hydro-meteorological conditions (N = 18) 
W.Tot. Vol. MDT 2 hr. I n t . , Temp S.I. 
S. £. C -0.18 -0.09 -0.14 -0.27 -0.11 0.23 0.58 
PH 0.24 0.37 0.36 0.19 0.11 0.05 •«•'«••» 0.76 
Na 0.04 0.31 0.16 -0.10 0.02 -0.39 * •* 0.77 
K 0.06 *** 0.97 0.14 -0.02 0.02 -0.23 0.77 
Ca -0.15 *• 0.67 -0.18 -0.25 -0.18 -0.13 0.61 
Mg -0.19 0.66 -0.20 0.30 -0.14 -0.13 0.54 
SiO^ 0.11 0.62* 0.18 0.03 -0.04 -0.13 0.78 
CI 0.02 0.66 0.10 -0.12 -0.02 -0.39 0.73 
*** 
0. 001 significance l e v e l W.Tot. Total precipitation for the week 
0.01 significance l e v e l Vol. Volume of throughfall 
* 
0. 05 significance l e v e l APo/^  30 Antecedent precipitation index 
MDT Maximum daily t o t a l • 
2hr.Int.Maximum 2 hour intensity. 
S . I . Seasonal index. 
are j u s t two hydro-meteorological factors responsible for the variation: 
volume of throughfall and the season. With the exception of hydrogen and 
sodium, as the volume of stemflow and throughfall increased, the concen-
tration of the solutes also increased (Table 4.22). This could be an 
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indirect measure of seasonality r e f l e c t i n g change in percentage cover, 
physiological changes in the leaves as well as variation in the amount of 
ra i n through time. In summer, the leaves were young and r a i n f a l l amounts 
were low, but in. autumn as the leaves aged, r a i n f a l l amounts increased 
and leaching was f a c i l i t a t e d by old tissue - (Tukey et a l , 1965). This 
important seasonal e f f e c t i s confirmed by the s i g n i f i c a n t correlation 
between the solute concentration and the seasonal index (Table 4.22), In 
t h i s experiment the bracken throughfall solutes exhibit a quite different 
behaviour pattern from those of s i t k a spruce solutes i n so f a r as the 
hydro-meteorological factors are concerned. 
There are a number of differences between the bracken and the s i t k a 
spruce vegetation, not l e a s t in t h e i r physiognomy, physiological ages and 
periods of growth, which explain t h e i r different patterns of behaviour. 
Bracken has a r e l a t i v e l y short growing season, losing most of i t s solutes 
in October as i t dies, whereas the s i t k a spruce loses i t s nutrients 
throughout the year, the majority being l o s t i n winter. Leaf c h a r a c t e r i -
s t i c s are also important. Each bracken frond i s composed of a number of 
f l a t , thin pinnae capable of retaining r a i n f a l l . I n contrast, s i t k a spruce 
needles are c y l i n d r i c a l , waxy, not e a s i l y wetted and r e l a t i v e l y r e s i s t a n t 
to deterioration by weathering. 
4.3.5. Principal components analysis of bracken throughfall - stemflow 
chemistry data 
Eight chemical variables were included i n the P.O.A. as above 
(Sections 4.i;i6. and 4.2.6.). The f i r s t two components explained 93% of 
the variance, the third being of no consequence with a low eigenvalue .. 
(0.22). 
The loadings for these two components are presented in Table 4.23. 
Examination of these loadings shows that component I , which explains 
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Table 4,23, Component loadings on the f i r s t two principal components 
of bracken throughfall-stemflow chemistry (6/6/77-31/10/77) 
^ ^ Variance Component I - i • j ^ explained 81% 
Chloride 0.375 
Potassium 0.374 
Magnesium 0.369 
Sodium 0.367 
Calcium 0.367 
Conductivity 0.363 
^ Variance Component I I , . j explained 12% 
pH 0.621 
S i l i c a 0.588 
Total variance explained 93% 
81% of the variance, i s dominated by a l l the ions except pH and s i l i c a . 
The correlation matrix (Table 4.24) shows that conductivity and a l l the 
ions are s i g n i f i c a n t l y correlated with each other. Thus there i s no longer 
the d i s t i n c t i o n , between the marine and t e r r e s t r i a l derived ions, or plant 
nutrients and other elements. Instead they behave in a s i m i l a r way, and 
as a r e s u l t , biological and hydro-meteorological factors are of the 
greatest importance (Section 4.3.4.), As discussed above, the age of the 
bracken seems to be c r u c i a l . This temporal behaviour i s demonstrated very 
c l e a r l y in Figure 4.10 and i s shown in the•overlay-tn; a highly simplified 
form as an arc. I n i t i a l l y the concentration of the elements i s low but 
•by—Sephem bcr H»ey^ - WAVC -incrtasC-A *. During September and 
October, as the bracken dies, those ions which are highly loaded on 
component I such as chloride and potassium increase dramatically. During 
t h i s period the pH decreases as discussed above. By week 16, at the end 
of October, the solute composition i s very s i m i l a r to that of bulk 
precipitation again. 
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Table 4.24. Rank correlation matrix of the concentration of ions in 
bracken throughfall-stemflow (N = 16) 
S.E.C. pH Na K Ca Mg SiO^ 
pH 0.52 
Na *** 0.84 
** 
0.64 
K 0.86 0.77 0.84 
Ca 0.90 0.58 0.87 0.87 
Mg *** 0.97 
• #*• 
0.54 0.87 0.86 0.95 
SiO^ 0.55 
• • 
0.89 0.63 
*** 
0.76 0.63 0.57 
CI *** 0.92 
* • **• 
0.66 0.95 
*** 
0.86 0.85 0,91 0.66 
0.001 significance l e v e l 
** 
0.01 significance l e v e l 
* 0.05 significaince l e v e l 
4.4. Change in solute concentration from precipitation to throughfall 
Within the aims of t h i s chapter, one objective was to present the 
magnitude of the changes i n solute concentration through the hydro-
lo g i c a l system from precipitation to throughfall- The i n i t i a l input i s 
from the atmosphere, then the water passes through the canopy, acquiring 
solutes from the Vegetation. Thus the quality of throughfall may be 
considered to be a combination of: 
1. Bulk precipitation 
2. Solutes obtained from the leaching of leaves. 
- 3. Solutes acquired by vegetation entrapment. 
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In addition the concentration of the solutes i n throughfall i s greater 
than i n bulk precipitation because of evaporation. The mean weighted 
solute concentrations in bulk precipitation, throughfall beneath s i t k a 
spruce and stemflow and throughfall below bracken are presented in 
Table 4.25 and Figure 4.11, whilst the absolute and r e l a t i v e enrichment. 
Table 4.25. Mean weighted solute concentration i n bulk precipitation, 
•sitka spruce throughfall and 
beneath bracken. (S.E.C. in 
stemflow and 
^ h o s cm""^  at 
throughfall 
25°C, a l l 
other ions except pH in mg 1 
Bulk Sitka Bracken Bracken 
Precipitation"^ Throughfall^ 2 Throughfall Throughfall^ 
• 
S a E . C . 46.49 105.0 72.3 57.7 
pH 4.26 3.69 4.59 4,47 
Na 3.79 6.70 3.29 4,41 
K 0.41 2.22 16.49 1.70 
Ca 0.33 1.46 1.40 0.58 
Mg 0.44 0.96 0.51 0.52 
SiO^ 0.01 0.08 0.74 0.02 
CI 5.94 13.79 9.96 8.20 
« 
Unweighted mean 
14/2/77 - 13/2/78 
^ 6/6/77 - 31/10/78 
taking evaporation into account, are shown in Table 4.26. The absolute 
change for throughfall ranges from approximately double for the marine 
derived ions, to an increase of at l e a s t four times for the macro-nutrients 
potassium and calcium. When evaporation i s taken into account, the 
throughfall concentration of a l l the ions except sodium i s greater than 
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that of bulk precipitation. There has thus been an addition of ions. 
Table 4.26b shows that the concentration of potassium, calcium and s i l i c a 
Table 4.26. Change in mean weighted solute concentration from bulk 
precipitation to throughfall beneath s i t k a spruce and 
stemflow and throughfall beneath bracken for the year. 
a. Measured change 
Bulk . Sitka , Bracken 
Precipitation ° Throughfall Throughfall 
S • E • C. 2.3 1.2 
pH 3.7 1.2 
Na 1.8 1.2 
K 5.4 4.1 
Ca 4,4 1.8 
Mg 2.2 1.2 
SiO. 8.0 2.0 
CI 2 2:3 1.4 
b. Relative change taking into account enrichment by evaporation 
Bulk . Sit k a . Bracken 
Precipitation ^' Throughfall ^ Throughfall 
pH 2.0 1.1 
Na 1.0 1.0 
K 3.0 3.6 
Ca 2.4 1.5 
Mg 1.2 1.0 
SiO 2.7 1.8 
CI 1.3 1.2 
* unweighted mean 
increased by about 2.5 x, whilst chloride and magnesium increased about 
1.2 X. This increase of the l a t t e r would not have been observed i f the 
chloride r a t i o method of Foster (1979) had been adopted. The method 
assumes that since no chloride i s leached from the leaves, then by 
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comparing the concentration of each ion with that of chloride, the r e l a t i v e 
change in throughfall quality can be calculated. However t h i s ignores 
any additional chloride input such as by entrapment of dry f a l l o u t . This 
entrapment i s p a r t i c u l a r l y important in t h i s study and has increased the 
chloride concentration 1.3 x. 
With the exception of potassiuin, calcium and s i l i c a , the concentration 
in bracken stemflow and throughfall i s not greatly different from that i n 
bulk precipitation (Table 4.26). However, the increase in potassium 
concentration i s greater than that in s i t k a spruce throughfall. The dry 
f a l l o u t entrapment by bracken i s also important (1.2 x increase) and 
similar in magnitude to that of s i t k a spruce. Thus the presence of 
vegetation has increased the concentration of water by the passive leaching 
of chemicals from the leaves, but also a c t i v e l y by the entrapment of dry 
f a l l o u t . 
Summary 
In t h i s chapter the r e s u l t s of the chemical analyses of the chemical 
composition in bulk precipitation and throughfall have been presented. 
The origins of the ions were discussed as were the magnitude and 
v a r i a b i l i t y in water quality through time and space. The effects of the 
vegetation canopy on bulk precipitation were then investigated, and the 
importance of the plant nutrients leached from the leaves noted. These 
r e s u l t s are summarised in Table 4,27, 
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Table 4.27. Sumary chart to show the origins and taiporal variation in bulk precipiaticn chemistry and throughfall c^ianistry 
Elanent Bulk Precipitation 
Oiaiiistry 
Throu^all 
Chemistry 
Principal 
source 
TeiTporal 
variation 
Change ftxm 
Bulk I ^ . 
Tenporal 
variation 
htydrpgen Industrial pollution Maxiraim (lew p^ ^ sumner 
Cain fran or^nic acids 
frcm leaves 
ftexiiTum (low pH) in 
winter (March) 
Sodiun 
Marine origin , 
anall terrestrial 
source in suimer 
Maxinum in winter, 
related to stonniness 
in the ocean 
No change 
Winter naxijium, mi d-Deceuiber, 
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CHAPTER 5 . 
THE GROUND COMPONENT.. - LITTERFLOW 
5,1. The ground component 
Within the framework of th i s thesis, the second component involved 
the passage of water from the atmosphere (Chapter 4) over and through the 
ground (Figure 1.1.). The water may travel over the surface as l i t t e r -
flow or i n f i l t r a t e the s o i l and move l a t e r a l l y or v e r t i c a l l y , depending 
on the s o i l permeability. At depth, t h i s water may move as translatory 
flow through the regolith or be channelled through the cracks and f i s s u r e s 
in the s o l i d granite to supply the springs and seepages which comprise 
the main source of water in the stream. Thus water moves towards the 
stream by a variety of routes, namely l i t t e r f l o w , interflow and springflow 
In t h i s thesis each of these routes i s considered as a subsection of the 
ground component: l i t t e r f l o w i s discussed in Chapter 5, interflow i n 
Chapter 6 and springflow i n Chapter 7. In accordance with the main aims 
of the thesis, the hydrological and chemical c h a r a c t e r i s t i c s at various 
points within these pathways w i l l be discussed. In pa r t i c u l a r the s p a t i a l 
and temporal variations i n discharge and solute concentrations w i l l be 
examined with special reference to the role of vegetation (Section 1.2.2.) 
5.1.1. The ground component - l i t t e r f l o w 
Study of l i t t e r f l o w focuses on the discharge of water over the ground 
surface and i t s acquisition of solutes from the atmosphere, together with 
those derived during the cycling of nutrients, especially those from 
decaying leaves. The main aims of the chapter are: 
1. To monitor the magnitude and v a r i a b i l i t y of overland flow 
discharge through time and space. 
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2. To monitor the magnitude and v a r i a b i l i t y of overland flow 
chemistry and to investigate i t s controls. 
3. To determine the influence of the three vegetation types 
(Chapter 3) on the nature of overland flow discharge and i t s 
chemical composition. 
There has been much controversy about the concept of water flowing 
over the s o i l surface i n humid areas. In the c l a s s i c model of h i l l -
slope hydrology, Horton (1933) proposed that i f the r a i n f a l l intensity 
i s greater than the i n f i l t r a t i o n capacity, then the unabsorbed excess 
becomes overland flow. Central to Horton's thesis i s the assumption that 
in a small drainage basin of f a i r l y uniform s o i l and vegetation, overland 
flow w i l l occur simultaneously over a l l the area and be responsible for 
immediate storm runoff. When overland flow from the whole basin i s con-
tributing to the storm runoff, there w i l l be a simple increase of discharge 
downslope related to distance from the divide. Owing to the velocity of 
overland flow, i t w i l l make a dir e c t contribution to the storm hydrograph. 
Morton's hydrological model has been challenged by many studies 
(Kirkby and Chorley, 1967; Kirkby, 1969; Weyman, 1974) p a r t i c u l a r l y for 
areas with vegetated slopes, Kirkby and Chorley (1967) suggested that i n 
areas with an appreciable vegetation cover Hortonian overland flow i s 
unlikely to occur. Instead they propose the term saturation overland 
flow to describe the process operating under such conditions. This flow 
occurs either where the s o i l i s saturated to the surface due to an 
accumulation of water above a l e s s permeable horizon or where saturation 
occurs in footslope locations brought about by the l a t e r a l movement of 
s o i l water on h i l l s l o p e s . The process i s confined to the following 
locations: 
1. Adjacent to r i v e r channels 
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2. Areas o f convergent contours 
3. At the base o f slope c o n c a v i t i e s 
4. I n areas w i t h t h i n or less permeable s o i l s (Kirkby and Chorley, 
1967). 
These areas c o n t r i b u t e overland flow c o n s i s t i n g o f r e t u r n f l ow ( i n t e r f l o w 
which has returned t o the surface. Dunne and Black, 1970a) and d i r e c t 
p r e c i p i t a t i o n . Thus they can be regarded as a d i r e c t expansion o f the 
perennial channel system (Chorley, 1978). 
Hortonian overland flow i s g e n e r a l l y considered t o be very r a r e i n 
B r i t a i n . IVeyman (1975), f o r example, suggests t h a t r a i n f a l l i n t e n s i t i e s 
i n B r i t a i n r a r e l y exceed 20 mm hr""^ and c i t e s evidence from the Mendip 
H i l l s , Somerset, t h a t even an extreme event o f 70 mm hr ^ d i d not exceed 
the i n f i l t r a t i o n capacity o f 200 mm hr~^. However, Morgan (1979) recorded 
overland flow at a s i t e i n Bedfordshire, and H i l l s (1971) noted the 
occurrence a t s i x s i t e s i n south-west England. One possible reason f o r 
the general f a i l u r e t o observe t h i s phenomenon i n h y d r o l o g i c a l studies 
may be t h a t overland flow i s not expected and t h e r e f o r e no i n s t r u m e n t a t i o n 
i s set up t o monitor i t s occurrence. 
There i s a problem i n the d e f i n i t i o n o f overland flo w , p a r t i c u l a r l y 
d e f i n i n g what c o n s t i t u t e s the ground surface. I n t h i s study the term 
l i t t e r f l o w w i l l be used. This i s water moving through the l i t t e r l a y e r , 
or the shallow r o o t i n g l a y e r i n the case o f grass, r a t h e r than over the 
surface as suggested by the term overland f l o w . L i t t e r f l o w discharge thus 
represents a s p e c i a l case of shallow i n t e r f l o w . L i t t e r f l o w and the f a c t o r s 
i n f l u e n c i n g i t were f i r s t discussed by Lowdermilk (1930). With the excep-
t i o n o f work by Pierce (1967) and Walsh and Voight (1977), t h i s area o f 
research has been g r e a t l y neglected. 
I n the present study l i t t e r f l o w was monitored a t 12 l o c a t i o n s 
(Figure 3.4) using the Whipkey g u t t e r system (Section 3.2.4). The s o i l 
was f r e e l y drained a t a l l s i t e s except Gl (Figure 3.4, s o i l d e s c r i p t i o n 
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Table 2.4) where an i r o n pan r e s t r i c t e d the v e r t i c a l movement of water. 
During a storm, when the peaty surface horizon became saturated, no f u r t h e r 
water could be absorbed. Therefore i t flowed across the surface as 
s a t u r a t i o n overland flow (Figure 5.1). 
5.2. L i t t e r f l o w discharge 
5.2.1. S p a t i a l v a r i a t i o n i n l i t t e r f l o w discharges 
Table 5.1 presents the volumes o f flow f o r each o f the monitoring 
l o c a t i o n s f o r one year (Figure 5.2). These are the minimum q u a n t i t i e s 
o f discharge because o f the l i m i t a t i o n s o f the c o l l e c t i o n system (Section 
3.2. 4). Table 5.1 includes a column t o i n d i c a t e the number o f weeks when 
the capacity o f the c o l l e c t i n g b o t t l e was exceeded, which can be compared 
w i t h the number o f weeks when l i t t e r f l o w was recorded. At the bracken 
s i t e s the capacity was r a r e l y exceeded. As a r e s u l t , l i t t e r f l o w volumes 
were close t o the a c t u a l amounts discharged, whereas a t the f o r e s t s i t e s 
F3, 4 and 5 the capacity was exceeded on more than h a l f the occasions and 
discharge volumes were t h e r e f o r e much higher than those recorded. 
Table 5.1. Discharge o f l i t t e r f l o w recorded f o r the period 14/2/77 
to 13/2/78 
Location 
(Figure 3..^ ) 
T o t a l No. weeks No. weeks 
volume l i t t e r f l o w c apacity Mean Std.Dev. V a r i a b i l i t y 
(ml) recorded exceeded 
Gl 18518 49 4 386 308 0.80 
G2 17940 36 8 513 424 0.83 
G3 11188 39 6 294 401 1.36 
G4 31456 46 20 699 452 0.65 
Bl 13470 37 6 374 399 1.07 
B2 14549 37 2 404 366 0.91 
33 10664 38 2 288 338 1.17 
F l 19737 38 8 533 436 0.82 
F2 21229 34 13 643 476 0.74 
F3 33444 39 21 880 352 0.40 
F4 36262 42 21 888 329 0.37 
F5 36196 37 26 1005 277 0.28 
Per metre contour l e n g t h o f h i l l s l o p e 
V a r i a b i l i t y = Std.Dev, -r Mean 
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The maximum discharges were generated i n the f o r e s t a t s i t e s F4 and 
F5 a t the base o f slope and were lowest a t B3, again a t the bottom o f the 
h i l l s i d e , (Figure 5.2). Within the grassland t r a n s e c t , the maximum 
discharge occurred a t G4, also a t the base o f the slope. S i t e G3 (Figure 
3. "4) had a discharge volume much lower than those o f the other grassland 
s i t e s because i t s waterproof cover p r o j e c t e d about 35 cm i n f r o n t o f the 
p l a s t i c c o l l e c t i n g sheet compared w i t h 5 cm f o r the remainder. This 
suggests t h a t the distance over which the water flows before i n f i l t r a t i n g 
the s o i l i s very s h o r t , probably less than 1 m. 
There are two primary c o n t r o l s on the s p a t i a l v a r i a t i o n i n l i t t e r f l o w 
discharge: f i r s t l y the type o f veg e t a t i o n and l i t t e r present, and secondly 
topographic f a c t o r s . When the t o t a l discharge per p i t i s considered f o r 
each vegetation type, the grea t e s t l i t t e r f l o w discharges were recorded i n 
the f o r e s t , and the l e a s t i n the bracken (Figure 5.2). The mean t o t a l 
l i t t e r f l o w volumes f o r the f o r e s t , grassland and bracken are i n the r a t i o 
3 : 2 : 1 r e s p e c t i v e l y (Table 5.1). The c o n t r o l l i n g f a c t o r i n l i t t e r f l o w 
discharge i s t h e r e f o r e the type o f l e a f l i t t e r present. 
Pierce (1967) notes t h a t l e a f l i t t e r o f deciduous trees i s such t h a t 
they overlap- one another w i t h the r e s u l t t h a t water runs over them and 
does not i n f i l t r a t e . I n the s i t k a spruce f o r e s t the needles decompose 
very slowly so t h a t the l i t t e r may be up t o 5 cm in* depth. The l i t t e r 
i s able t o absorb and r e t a i n up t o 10 mm o f water (Geiger, 1965; Walsh 
and Voight, 1977); but once the r e t e n t i o n capacity has been exceeded then 
the water i s t r a n s m i t t e d as l i t t e r f l o w . 
Leaf l i t t e r beneath the bracken provides a c o n t r a s t w i t h s i t k a spruce 
l i t t e r . Following the death o f bracken i n the autumn, the acctmiulated 
depth o f l i t t e r i s a t a maximum. The r e t e n t i o n capacity i s r a r e l y exceeded 
because o f the q u a n t i t y of l i t t e r i n v o l v e d . However, by the summer the 
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leaves have been broken down, and so despite high i n t e r c e p t i o n r a t e s 
(Section 4,3.1) l i t t e r f l o w volumes generated are l a r g e . 
Unlike the bracken and f o r e s t t r a n s e c t s , there i s no accumulation 
o f l e a f l i t t e r i n the grassland. The water moves across the thatch o f 
decaying p l a n t remains or may i n f i l t r a t e the s o i l . At Gl (Figure 3.4) 
l i t t e r f l o w volumes'"and occurrence were high (Table 5.1), flow being 
recorded on 49 weeks out o f a possible 50 occasions. R a i n f a l l volumes 
were greatest i n the summer due t o a r e d u c t i o n o f the i n f i l t r a t i o n r a t e 
by the increased trampling o f sheep and c a t t l e . 
Part o f the v a r i a t i o n i n l i t t e r f l o w discharge can thus be d i r e c t l y 
a t t r i b u t e d t o the d i f f e r e n t types o f l e a f l i t t e r and surface mat, and 
i n p a r t i c u l a r t o t h e i r r e t e n t i o n and transmission c h a r a c t e r i s t i c s . More 
research i s required to understand the operation and e f f e c t o f l e a f 
l i t t e r , which has been described as 
•the most underestimated v a r i a b l e i n hydrology and 
geomorphology• (Walsh and Voight, 1977). 
The s p a t i a l p a t t e r n o f l i t t e r f l o w discharge also depends on s i t e 
f a c t o r s such as slope l e n g t h , slope angle and organic matter. To 
i n v e s t i g a t e whether a r e l a t i o n s h i p e x i s t e d between discharge and these 
f a c t o r s , rank c o r r e l a t i o n c o e f f i c i e n t s were c a l c u l a t e d . The distance 
from the d i v i d e was included i n the analysis because when Hortonian 
overland flow occurs there i s a downslope increase i n discharge. For 
the grassland and bracken t r a n s e c t s , distance from the d i v i d e was 
defined as distance from the d i t c h between the enclosed f i e l d s and 
moorland, which i n wet weather operated as a channel i n t e r c e p t i n g water 
from the plateau. I n the f o r e s t , the summit o f the slope marked the 
d i v i d e (Figure 2.1), 
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Slope angle was included t o i n d i c a t e the p o t e n t i a l o f a s i t e t o 
t r a n s m i t water, steeper slopes shedding more water than g e n t l e ones. 
F i n a l l y , the organic matter content o f the s o i l a t 7 cm depth was used 
since the s t r u c t u r a l s t a b i l i t y o f a s o i l may depend on i t . A s t a b l e 
s o i l w i t h an open pore s t r u c t u r e has a higher p e r m e a b i l i t y than a closed 
one and t h e r e f o r e the l i t t e r f l o w discharge would be reduced. 
The r e s u l t s o f the c o r r e l a t i o n analysis are presented i n Table 5.2. 
Only distance from the d i v i d e emerges as being s t a t i s t i c a l l y s i g n i f i c a n t 
(0.01 l e v e l o f s i g n i f i c a n c e ) . 
Table 5.2, Rank c o r r e l a t i o n c o e f f i c i e n t s 
discharge and s i t e f a c t o r s (N 
o f annual l i t t e r f l o w 
= 12) 
Distance from d i v i d e 
** 
0.72 
Slope angle 0,33 
Organic matter content 0.44 
** 
0.01 l e v e l o f s i g n i f i c a n c e 
Since discharge increased w i t h distance from the d i v i d e , some o f 
the c h a r a c t e r i s t i c s o f f l o w are s i m i l a r t o Hortonian overland f l o w . 
However, as discussed above, the water i s l o c a l l y derived. Because o f 
c o n t i n u a l i n f i l t r a t i o n down the t o t a l h i l l s l o p e p r o f i l e i t i s u n l i k e l y 
t h a t any i n d i v i d u a l water d r o p l e t w i l l t r a v e l more than a few metres. 
However, because o f the i n c r e a s i n g catchment area downslope, overland 
f l o w discharge w i l l increase, assuming t h a t the i n f i l t r a t i o n capacity i s 
constant or decreases downslope. 
5.2.2. L i t t e r f l o w discharge and hydro-meteorological c o n d i t i o n s 
The hydro-meteorological c o n d i t i o n s such as amount and i n t e n s i t y o f 
r a i n may a f f e c t the l i t t e r f l o w discharge. C o r r e l a t i o n was used to 
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determine whether there was a s t a t i s t i c a l l y s i g n i f i c a n t r e l a t i o n s h i p 
between l i t t e r f l o w discharge at each s i t e and the f o l l o w i n g f a c t o r s : 
1. t o t a l p r e c i p i t a t i o n f o r the week 
2. antecedent p r e c i p i t a t i o n index 
3. maximum d a i l y t o t a l 
4. maximum 2-hour " i n t e n s i t y 
The analysis f o r the period 18/1/77 to 20/3/78, excluded data when the 
capacity of the c o l l e c t o r s was exceeded or when the volume recorded was 
less than 10 ml. The r e s u l t s of the analysis can only be i n d i c a t i v e o f 
the r o l e o f the hydro-meteorological c o n d i t i o n s because of the l i m i t a t i o n s 
imposed by the c o l l e c t i o n method. The r e s u l t s are presented i n Table 5.3. 
For the f o r e s t and grassland s i t e s the amount o f r a i n f a l l i s 
s i g n i f i c a n t l y r e l a t e d to the amount of l i t t e r f l o w discharge. Discharge 
was most s i g n i f i c a n t l y c o r r e l a t e d w i t h t o t a l weekly p r e c i p i t a t i o n a t four 
s i t e s , 01, F2, F3 and F4 (Figure 3.4) and was most s i g n i f i c a n t l y associated 
w i t h maximum d a i l y r a i n f a l l a t a f u r t h e r three s i t e s : G2, G4 and F l . S i t e F l 
was s i m i l a r t o those i n the grassland because o f the low density o f t r e e s , 
open canopy and the presence of grass growing around the i n t e r c e p t i o n p i t . 
The amount of spruce l i t t e r was t h e r e f o r e very low. Hence the behaviour 
o f the s i t e was s i m i l a r t o those i n the grassland. At the remaining 
f o r e s t s i t e s , when a l l the data were used, l i t t e r f l o w discharge was most 
s i g n i f i c a n t l y c o r r e l a t e d w i t h t o t a l weekly r a i n f a l l . This suggests t h a t 
the r e t e n t i o n capacity of spruce l i t t e r i s soon exceeded, r e s u l t i n g i n 
l i t t e r f l o w . Therefore r a i n f a l l t o t a l s are most s i g n i f i c a n t i n the f o r e s t . 
S i t e Gl a t the top o f the grassland slope (Figure 3.4) i s unique 
i n t h a t i t has a podzolic s o i l . When the s o i l p r o f i l e i s saturated above 
the i r o n pan, s a t u r a t i o n overland flow w i l l develop. Thus i n f i l t r a t i o n 
c h a r a c t e r i s t i c s are unimportant and t o t a l amount of r a i n becomes most 
s i g n i f i c a n t (Table 5.3). 
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Table 5.3. The c o r r e l a t i o n s between l i t t e r f l o w discharge and 
hydro-meteorological c o n d i t i o n s a t each s i t e 
Location 
(Figure 3 .4) W.Tot. ^ 3 0 . M.D.T. 2 h r . I n t . N 
Gl 0.54 0.42 
*«• 
0.46 0.15 28 
G2 0.23 0.29 0.44 0.41 29 
G3 -0.11 -0.13 -0.11 -0.11 29 
G4 0.46 0.42 0.51 0.26 33 
Bl 
• * 
0.44 
** 
0.49 0.31 
** 
0.36 34 
B2 0.22 0.09 0.30 -0.04 37 
B3 0.42 0.45 0.35 0.33 34 
F l 0.35 0.22 0.36 -0.10 31 
F2 0.55 0.26 0.27 -0.16 23 
F3 . 0.56 0.49 0.46 0.10 15 
F4 0.64 
** 
0.54 
*** 
0.63 0.28 44 
F5 0.50 0.59 0.43 0.41 9 
0.001 s i g n i f i c a n c e l e v e l W.Tot. Tot a l p r e c i p i t a t i o n f o r week 
0.01 s i g n i f i c a n c e l e v e l Antecedent p r e c i p i t a t i o n index 
* 
0.05 s i g n i f i c a n c e l e v e l M.D.T. Maximum d a i l y t o t a l 
2 h r . I n t . Maximum. 2-hour i n t e n s i t y 
I n the bracken t r a n s e c t a t s i t e s B l and B3, discharge was most 
s i g n i f i c a n t l y c o r r e l a t e d w i t h the antecedent p r e c i p i t a t i o n index. This 
suggests t h a t the r e t e n t i o n capacity o f the bracken l i t t e r i s much higher 
than the spruce. Variables r e l a t i n g t o amount o f moisture already i n 
sto r e are t h e r e f o r e most important. 
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Maximum 2 hour r a i n f a l l i n t e n s i t y emerges as a s i g n i f i c a n t v a r i a b l e 
i n the analysis o f only f o u r o f the twelve s i t e s : G2, B l , 82 and F4. A 
study by Williams (1980) on the grassland h i l l s l o p e found t h a t the i n f i l -
t r a t i o n c a p a c i t i e s o f the s o i l were low and g e n e r a l l y between 4.8 mm h r ~ ^ 
and 6.4 mm hr~^. He concluded t h a t on t h i s slope t y p i c a l i n f i l t r a t i o n 
c a p a c i t i e s were not g r e a t l y i n excess o f t y p i c a l r a i n f a l l i n t e n s i t i e s . 
Because o f these very low i n f i l t r a t i o n c a p a c i t i e s , r a i n f a l l volumes are 
more s i g n i f i c a n t i n determining l i t t e r f l o w amounts than r a i n f a l l i n t e n s i t y 
Measurable volumes o f l i t t e r f l o w were f o r example recorded w i t h r a i n f a l l 
i n t e n s i t i e s as low as 1.0 mm hr ^ ' 
I n summary, there are two types o f overland flow i n the Narrator 
catchment; s a t u r a t i o n overland flow (Section 2.9) and l i t t e r f l o w . The 
former r e s u l t s from s a t u r a t i o n upwards from the i r o n pan as described 
above (Figure 5.1) and from d i r e c t p r e c i p i t a t i o n on wet areas and flushes 
i n the v a l l e y bottom. The l a t t e r may be described as very shallow i n t e r -
f l o w , and has some o f the c h a r a c t e r i s t i c s o f Hortonian overland f l o w , 
notably t h a t discharge increases w i t h distance from the major h y d r o l o g i c a l 
d i s c o n t i n u i t y . I n some cases l i t t e r f l o w discharge was r e l a t e d t o r a i n f a l l 
i n t e n s i t y . The i n f i l t r a t i o n c a p a c i t i e s f o r the l e a f l i t t e r and grass 
th a t c h are very low and thus when the i n f i l t r a t i o n capacity i s exceeded, 
the unabsorbed excess flows across the surface. 
The type o f l i t t e r and i t s a b i l i t y t o r e t a i n or tr a n s m i t water 
exercises the grea t e s t c o n t r o l on l i t t e r f l o w . At the s t a r t o f a storm^. 
the t u r f mat r e t a i n s less water than the spruce l i t t e r and t h e r e f o r e 
greater discharge takes place. As the storm progresses, once the r e t e n t i o n 
capacity o f the spruce l i t t e r i s exceeded, the t h r o u g h f a l l i s t r a n s m i t t e d 
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as i n f i l t r a t i o n excess overland f l o w . I n c o n t r a s t , i n the grassland, 
the i n f i l t r a t i o n capacity o f the s o i l i s gr e a t e r , w i t h more water 
p e r c o l a t i n g i n t o the p r o f i l e . Thus l i t t e r f l o w volumes generated i n the 
f o r e s t are higher than i n the grassland. I n the bracken area where the 
l i t t e r i s able t o absorb and r e t a i n l arge amounts o f water, l i t t e r f l o w 
discharge i s low. 
The type o f l e a f l i t t e r and i t s a b i l i t y t o r e t a i n or transmit l i t t e r -
f l o w w i l l d i r e c t l y i n f l u e n c e the l i t t e r f l o w chemistry. 
5.3. Chemical q u a l i t y o f l i t t e r f l o w 
There have been r e l a t i v e l y few studies concerned w i t h the chemical 
composition o f l i t t e r f l o w (Mina, 1965; McColl, 1973; Vtorova, 1978) 
compared w i t h the number o f studies dealing w i t h the release o f n u t r i e n t s 
by l e a f l i t t e r decomposition (Ny k v i s t , 1959; Hayes, 1965; Gosz e t a l , 
1973; Dixon, 1976; N i h l g ^ d and Lindergreen, 1977; B e l l e t a l , 1978). 
Nonetheless, since s i g n i f i c a n t amounts o f chemicals may be c a r r i e d i n 
l i t t e r f l o w such an i n v e s t i g a t i o n i s important f o r both e c o l o g i c a l and 
hydro-chemical s t u d i e s . The aim o f t h i s s e c t i o n i s t o determine the 
magnitude and v a r i a b i l i t y o f the l i t t e r f l o w s o l u t e composition and 
e x p l a i n the v a r i a b i l i t y recorded. 
The chemical q u a l i t y o f l i t t e r f l o w depends on the so l u t e composition 
o f water i n p u t from the atmospheric component, the type o f l e a f l i t t e r 
present, the s t a t e o f decomposition and residence time. The type o f l e a f 
l i t t e r i s important because i t a f f e c t s the r a t e o f decomposition and the 
production o f s o l u t e s . For example, s i t k a spruce needles contain a high 
p r o p o r t i o n o f c e l l u l o s e and l i g n i n and since the l i t t e r i s a c i d i c , l3hey 
tend t o be decomposed by f u n g i (Burges, 1958; Warcup, 1967; Harley, 1971; 
Richards, 1974). The breakdown i s very slow because the needles c o n t a i n 
substances such as tannins which are r e s i s t a n t t o decomposition. By 
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c o n t r a s t , bracken l i t t e r i n i t i a l l y breaks down very r a p i d l y and the 
m a j o r i t y o f the n u t r i e n t s are l o s t i n the e a r l y stages o f decomposition 
(Frankland,.1976). Environmental f a c t o r s are also important, p a r t i c u l a r l y 
temperature and the amount o f moisture present since these i n f l u e n c e 
m i c r o b i a l a c t i v i t y (Burges.r 1965; Witkarap, 1969). 
5.3.1. L i t t e r f l o w chemistry 
The unweighted and weighted annual mean concentrations o f solutes 
were c a l c u l a t e d f o r each o f the twelve l i t t e r f l o w c o l l e c t o r s (Table 5.4). 
The mean weighted s o l u t e concentrations f o r l i t t e r f l o w are i n the same 
order as those o f t h e i r previous pathways through the atmospheric 
component. Thus the grassland l i t t e r f l o w concentrations are s i m i l a r t o 
those o f bulk p r e c i p i t a t i o n (Section 4.1.1) and the concentrations o f 
bracken and s i t k a spruce l i t t e r f l o w are s i m i l a r t o t h e i r respective 
t h r o u g h f a l l concentrations (Sections 4.2.2 and 4.3.-2), 
The highest c o n d u c t i v i t i e s occurred i n the f o r e s t l i t t e r f l o w . 
However, when i n d i v i d u a l ions are considered, the g r e a t e s t concentrations 
o f some o f these, notably potassium and s i l i c a were recorded i n the 
bracken t r a n s e c t (Table 5.4a). Solute concentrations, p a r t i c u l a r l y i n 
the bracken t r a n s e c t were very high during the summer and autumn. For 
example, a t the base o f the bracken t r a n s e c t , B3, on 14th November, 1977 
c o n d u c t i v i t y was 560 ^ h o cm""^ , sodium was 15 mg 1~^ and potassium 
78 mg l""^, the r a i n f a l l being 46 mm. However, the volume o f flow d u r i n g 
t h i s period was low. Solute concentrations i n bracken were lower d u r i n g 
the r e s t o f the year. The volumes recorded each week are taken i n t o 
account i n Table 5.4b which presents the weighted mean concentrations. 
Again, the highest s o l u t e concentrations occurred i n the f o r e s t , the 
lowest i n the grassland, w i t h intermediate values being recorded f o r the 
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a-
TJible 5.4. SUTiTBry statistics for litterflow chemistry 14/2/77 to 13/2/78 (S.E.C. in^ h o s cm" ^ at 25^0, a l l other icns except pll in rug 1 
a) Lhweighted Meenff nnd Standanl Deviaticns 
Site S.E.C. pH NQ K Ca SiO^ CI 
X o- X (T- x n X or X rr X X X fT 
Gl 114.5 52.2 4.92 0.10 6.86 2.96 5.33 6.42 2.41 1.62 1.27 0.66 0.91 0.86 13.16 7.13 49 
G2 87.7 47.7 5.C5 0.02 5.43 2.00 5.84 6.24 1.72 1.50 1.24 O.H. 1.01 0.85 10.91 5.11 36 
(H 118.1 80.9 5.20 0.29 6.22 3.04 11.54 12.52 2.20 1.74 1.35 0.86 1.64 1.40 12.29 8.45 39 
G4 97.8 61.7 4.92 i.eo 5.11 1.87 8.92 9.68 3.68 3.86 1.49 0.80 4.30 3.53 10.47 4.22 46 
Bl 166.3 116.8 5.36 0.11 8.14 5.56 17.90 17.49 3.47 3.80 1.82 1.17 4.69 4.68 18.23 12.87 37 
B2 163.2 90.2 5.07 0.14 6.38 1.84 8.63 4.62 3.79 3.34 2.36 1.33 5.88 3.81 14.25 4.49 37 
B3 183.1 164.1 5.13 0.20 7.96 4.03 27.22 26.95 3.30 2.73 2.06 0.92 4.42 4.23 25.76 16.92 38 
Fl 230.4 132.0 4.01 0.20 11.01 5.86 19.91 11.32 4.52 A.ih 1.89 1.25 2.97 2.06 26.88 14.71 38 
K' 243.2 126.1 4.26 0.06 10.84 3.89 19.47 13.15 4.62 3.63 2.14 1.38 2.64 1.33 26.21 12.01 34 
F3 210.6 166.2 4.13 0.08 11.11 10.63 13.61 14.56 4.44 3.06 1.91 1.18 1.97 1.61 22.91 14.86 39 
F4 110.0 54.3 4.07 0.21 6.70 3.27 5.49 4.37 2.46 1.73 1.18 0.65 2.65 1.48 14.66 9.58 42 
F5 129.5 84.7 4.08 0.19 7.60 3.97 6.17 5.73 2.53 1.52 1.01 2.72 2.03 16.22 10.65 37 
b) Weighted Mems 
Site pH Na K Ca SiO^ CI 
Gl 4.49 6.04 4.41 2.21 1.14 0.87 11.36 
(I ' 4.77 4.61 6.16 1.36 1.19 1.21 9.19 
G3 4.66 4.43 14.88 1.99 1.35 1.87 8.35 
G4 4.75 4.57 8.41 2.72 1.28 3.63 9.34 
HI 4.91 6.21 15.03 2.22 1.44 3.67 1,1.'n 
B2 5.52 7.87 3.36 2.10 5.66 12.07 
B3 4.59 5.72 10.28 2.57 1.56 2.19 16.51 
Fl 4.38 9.25 19.48 4.36 1.71 2.51 23.10 
K' 4.06 10.18 16.80 3.43 2.01 2.11 23.18 
F3 4.07 10.35 12.21 4.32 1.76 1.51 21.84 
F4 4.02 6.49 5.18 2.48 1.16 2.38 14.07 
F5 4.08 7.27 5.99 2.30 1.48 2.38 15.51 
bracken (Table 5.4b). The sodium and c h l o r i d e concentrations i n the f o r e s t 
were more than double those i n the grassland. The p a t t e r n e x h i b i t e d by 
potassium i s much more complex w i t h the highest grassland, bracken and 
f o r e s t concentrations being (14.9, 15.0 and 19.5 mg l""^) and lowest (4.4, 
7.9, 5.2 mg 1 ^ ) . S i m i l a r l y there i s no obvious p a t t e r n f o r the calcium 
and magnesium concentrations, p a r t l y because the ranges are so small 
(3.0 and 1.0 mg 1 r e s p e c t i v e l y ) although i n the case o f calcium the 
trend i s f o r the f o r e s t values t o be highest and the grassland l e a s t . 
C a l c u l a t i n g the c o e f f i c i e n t s o f v a r i a t i o n f o r Table 5.4a reveals 
t h a t the v a r i a b i l i t y f o r s o l u t e concentrations amongst the d i f f e r e n t 
vegetation types i s approximately equal. However, c e r t a i n o f the ions 
e x h i b i t g reater v a r i a b i l i t y than others. Thus the c o e f f i c i e n t o f 
v a r i a t i o n f o r sodium and c h l o r i d e i s about 50% but f o r potassium, calcium 
and magnesium i t i s 100, 70 and 60% r e s p e c t i v e l y . The reasons f o r the 
seasonal f l u c t u a t i o n s i n concentration responsible f o r t h i s v a r i a b i l i t y 
w i l l be discussed i n Section 5.3.3. 
Examination o f Table 5.5, the weighted mean concentrations f o r the 
l i t t e r f l o w s i t e s expressed i n m.e. 1 ^ shows t h a t the i o n i c composition 
i s no longer dominated by sodium and c h l o r i d e as i t was f o r bulk 
p r e c i p i t a t i o n (Section 4.1). The c a t i o n i c composition i n general i s 
i n the order Na* ^  IC*" > Ca**""*^  Mg'*""^ >K^ and thus potassium has increased g r e a t l y 
i n importance. The i m p l i c a t i o n s o f t h i s , are discussed below (Section 
5.3.2). 
5.3.2. S p a t i a l v a r i a t i o n s i n l i t t e r f l o w chemistry 
a. Between transects 
L i t t e r f l o w chemistry i s determined by a number o f f a c t o r s , the major 
ones being the type o f vegetation present and the s i t e f a c t o r s . 
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Table 5.5. L i t t e r f l o w chemistry, weighted 
m.e. l"-"-, 14/2/77 t o 13/2/78 
mean concentrations i n 
S i t e H Na K Ca Mg SiO^ CI 
Gl 0.03 0,26 0.11 0.11 0.10 0.01 0.32 
G2 0.02 0.20 0.15 0.07 0.10 0.02 0.26 
G3 0.02 0.19 0.38 0.10 0.11 0.03 0.23 
G4 0.02 0.20 0.22 0.14 0.11 0.06 0.26 
Bl 0.01 0,27 0.38 0.11 0.12 0.06 0.38 
B2 0.02 0.24 0.20 0.17 0.18 0,09 0.34 
B3 0.03 0.25 0.26 0,13 0.13 0.04 0.47 
Fl 0.04 0.40 0.50 0.22 0.14 0.04 0.65 
F2 0.09 0.44 0.43 0.17 0.17 0.04 0.65 
F3 0.09 0,45 0.31 0,22 0.15 0.03 0.61 
F4 0.10 0,28 0.13 0.12 0.10 0.04 0.40 
F5 0.08 0.32 0.15 0.12 0.12 0.04 0.40 
Vegetation type c o n t r o l s the production o f l e a f l i t t e r and t h e i r n u t r i e n t 
content which i n t u r n w i l l i n f l u e n c e t h e i r r a t e o f decompositon. S i t e 
f a c t o r s a f f e c t the production o f overland f l o w . The d i f f e r e n c e s i n 
l i t t e r f l o w s o l u t e chemistry due t o vegetation type w i l l be discussed 
i n i t i a l l y . 
Weighted mean l i t t e r f l o w s o l u t e concentrations are presented i n 
Table 5.4. These are shown diagrammatically i n Figures 5.3-5.9 so t h a t 
s p a t i a l v a r i a t i o n s between vegetation types can be observed more e a s i l y . 
Using c o n d u c t i v i t y as a d e s c r i p t i v e measure o f o v e r a l l chemical 
q u a l i t y , values i n the s i t k a spruce ranged from 110 t o 243 ;imhos cm""^ , 
i n the bracken from 163 t o 183 ^ mhos cm ^ and i n the grassland from 88 
t o 118/imhos cm""^  (Table 5.4; Figure 5.3). Thus the highest s o l u t e con-
c e n t r a t i o n s occurred i n the f o r e s t , the l e a s t i n the grassland, w i t h 
intermediate values i n the bracken (Section 5.2.1), Sodium and c h l o r i d e 
concentrations f o l l o w t h i s basic p a t t e r n , f o r e s t l i t t e r f l o w concentrations 
being much greater than the other two (Figures 5.4 & 5.5). Neither o f the 
elements takes p a r t i n n u t r i e n t c y c l i n g since n e i t h e r i s a macro-nutrient 
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( E t h e r i n g t o n , 1975). The r o l e o f sodium i n p l a n t n u t r i t i o n i s unknown and 
i t does not appear t o be e s s e n t i a l f o r p l a n t growth; c h l o r i d e , however, may 
be required i n very small amounts. Thus the chemical concentration o f sodium 
and c h l o r i d e i n l i t t e r f l o w i s only a f f e c t e d by the vegetation type because 
the s o l u t e chemistry has already been modified i n t h r o u g h f a l l and stemflow. 
The s i t k a spruce canopy i s very e f f e c t i v e i n the entrapment o f atmospheric 
aerosols r e s u l t i n g i n high sodium and c h l o r i d e concentrations i n t h r o u g h f a l l . 
These high concentrations are probably responsible f o r the high s i t k a 
spruce l i t t e r f l o w concentrations. 
The p a t t e r n f o r potassium concentrations i s f o r e s t > bracken > grass-
land, although there i s great v a r i a t i o n w i t h i n the transects (Figure 5.6). 
This i s i d e n t i c a l w i t h the order o f the amount o f potassium found i n ground 
ve g e t a t i o n , predominantly grass, and l i t t e r from bracken and s p r u c e - f i r 
Table 5,6. Chemical composition o f grass (ground v e g e t a t i o n ) ^ , and 
2 3 l i t t e r from bracken and s p r u c e - f i r f o r e s t . A l l 
f i g u r e s expressed as per cent dry weight. 
Grass Bracken S p r u c e - f i r 
% Na 0.03 0.20 0.02 
% K 0.70 1.02 2.6 
% Ca 0.29 2.09 7.4 
% Mg 0.09 0.29 1.17 
^ Frankland e t a l (1962). Deschampsia Flexuosa dominant. 
^ C a r l i s l e e t a l (1967) 
Gosz e t a l (1972). Red spruce (Picea rubens) and balsam f i r 
(Abies balsamea) 
presented i n Table 5.6. This t a b l e i s only presented as a guide because 
of the many d i f f i c u l t i e s involved i n e x t r a p o l a t i n g from published data 
f o r other areas and f o r d i f f e r e n t species. 
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The potassium i n l i t t e r f l o w may be obtained from two sources, leaves 
i n the canopy and the l e a f l i t t e r i t s e l f . R a i n f a l l passing through the 
canopy as t h r o u g h f a l l leaches the leaves (Section 4.?.2) p r o v i d i n g one 
source, w h i l s t leaching o f the decomposing l i t t e r provides a second. 
K i l l i n g b e c k and Wall (1978) showed t h a t w i t h i n an oak f o r e s t the c o n t r i -
b u t i o n from decaying l i t t e r was about 60 per cent o f the t o t a l n u t r i e n t 
f l u x from t h r o u g h f a l l , stemflow and l i t t e r f a l l . Thus the amount o f 
potassium present i n the l i t t e r w i l l be more important than the amount i n 
t h r o u g h f a l l . 
Potassium i s l o s t very r a p i d l y from the l i t t e r (Bocock e t a l , 1960; 
A t t i w i l l , 1967; Gosz e t a l , 1973). Potassium i s not a s t r u c t u r a l 
component o f p l a n t t i s s u e and so can e a s i l y be leached from the decaying 
l i t t e r . Thus the amount o f potassium released w i l l only depend on amount 
i n the l i t t e r , quartity o f l i t t e r and volume o f water leaching through i t . 
The calcium concentrations are i n the order f o r e s t > bracken > 
grassland (Table 5.4, Figure 5.7), This i s s i m i l a r t o the other ions 
and i d e n t i c a l w i t h the chemical composition shown i n Table 5.6. The 
calcium concentration i s less than t h a t o f potassium, and hence the o v e r a l l 
loss i s l e s s , despite the higher l i t t e r content (Tables 5.4 and 5.6). 
This i s because calcium i s much less susceptible t o leaching and i s a 
more important s t r u c t u r a l element than potassium ( A t t i w i l l , 1967). 
The magnesium concentrations o f l i t t e r f l o w are i n the order f o r e s t = 
bracken > grassland (Table 5.4, Figure 5.8). The p a t t e r n i s not i d e n t i c a l 
t o the other ions because o f the higher bracken concentrations. Magnesium 
i s s i m i l a r t o potassium i n some ways, being r e l a t i v e l y e a s i l y leached 
( A t t i w i l l , 1967). The high magnesium concentration may be the r e s u l t o f 
r a p i d loss from the decomposing bracken l i t t e r . Such a r a p i d loss o f 
minerals from decomposing bracken l i t t e r soon a f t e r t h e i r f a l l was noted 
by Frankland (1976). 
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The p a t t e r n e x h i b i t e d by the s i l i c a concentrations i s bracken > 
f o r e s t > grassland and i s i n marked c o n t r a s t t o the other ions (Table 
5.4, Figure 5.9). S i l i c a i s noteworthy because the atmospheric i n p u t 
i s n e g l i g i b l e (Feth e t a l , 1964; Ver s t r a t e n , 1977) and the problem o f 
v a r i a b l e entrapment by d i f f e r e n t v e g e t a t i o n types i s avoided. Thus 
l i t t e r f l o w concentration depends only on vegetation type and environmental 
f a c t o r s . 
Although s i l i c a i s not an e s s e n t i a l p l a n t n u t r i e n t i t i s contained 
i n varying amounts i n f i a n t s , depending on the species (Siever, 1969). 
I n t e r e s t i n the b i o l o g i c a l uptake and storage o f s i l i c a i s only recent. 
Levering (1959) f i r s t drew a t t e n t i o n t o the f a c t t h a t members o f the 
Graminae f a m i l y can accumulate s i g n i f i c a n t amounts o f s i l i c a . Levering 
and Engel (1967) c a l c u l a t e d t h a t grass could uptake 140 kg ha""*" a'"'' o f 
which 20 kg ha~^ a""^  might be l o s t by leaching. Rodin and B a s i l e v i c h (1967) 
also reported r e l a t i v e l y high amounts o f s i l i c a i n deciduous t r e e s , g i v i n g 
values o f 0.01 t o 2.74 per cent dry weight, which are i n the same order 
as amounts o f potassium and calcium. 
To i n v e s t i g a t e t h i s aspect f u r t h e r , the s i l i c a content o f the leaves 
o f dominant species i n the three transects were measured (Table 5.7). The 
r e l a t i v e l y high s i l i c a content o f the grasses are i n accord w i t h Levering 
(1959) although r a t h e r less than the 2.9 per cent noted by Frankland e t a l 
(1962) f o r ground vegetation (Deschampsia flexuosa dominant). 
The c o n t r a s t between concentrations i n t u r f drainage water i n the 
grassland (Table 5.4) and the other transects i s less marked than may be 
expected from Table 5.7. This might be due t o the comparatively shallow 
l a y e r o f thatch i n the grassland compared w i t h the great depths o f l i t t e r 
i n the f o r e s t and bracken. Thus although output per u n i t weight o f grass 
i s g r eater than the other vegetation types, the concentration i s lower. 
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Table 5.7. S i l i c a content of the dominant p l a n t s p e c i e s present 
i n the three v e g e t a t i o n t r a n s e c t s (N = 8 ) 
% S i l i c a i n Dry Matter 
X cr • 
A g r o s t i s t e n u i s 1.75 0.21 
F e s t u c a ovina 1.19 0.14 
Galium s a x a t i l e 0.46 0.18 
P o t e n t i l l a e r e c t a ^ 0.20 0,12 
Pteridium aquilinum 0.40 0.04 
P l c e a s i t c h e n s i s ^ 0.18 ' 0.04 
P i c e a s i t c h e n s i s 0.13 0.05 
^ fronds 
^ l i t t e r 
A second reason i s t h a t w h i l s t s i g n i f i c a n t amounts of s i l i c a may be taken 
up by the p l a n t s , there i s no simple decomposition or l e a c h i n g mechanism 
to r e l e a s e them. I n s t e a d as the p l a n t decays, the element p e r s i s t s as 
microscopic o p a l i n e p a r t i c l e s or as s i l i c a p h y t o l i t h s . These accumulate 
as the l i t t e r decomposes and a r e added to the mineral s o i l (Acquaye and 
T i n s l e y , 1965). Subsequent weathering of the p h y t o l i t h s i s r e q u i r e d 
before the element i s m o b i l i s e d . The presence of humus i n the l i t t e r -
l a y e r of the bracken and s i t k a spruce t r a n s e c t s g r e a t l y enhances the 
s o l u b i l i t y of the s i l i c a , and thus may i n c r e a s e the c o n c e n t r a t i o n i n 
l i t t e r f l o w . 
b. Within t r a n s e c t s 
G r a s s l a n d : I n the g r a s s l a n d there i s only one obvious p a t t e r n , t h a t 
i s , s i l i c a i n c r e a s e s i n c o n c e n t r a t i o n downslope (Table 5.4, F i g u r e 5.9). 
Other p a t t e r n s are more d i f f i c u l t to d i s c e r n , although t h i s g e n e r a l t r e n d 
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may be apparent f o r potassium and calcium ( F i g u r e s 5.6 & 5.7), sodium and 
c h l o r i d e are g r e a t e s t a t the top of the s l o p e , and magnesium i s almost 
constant ( F i g u r e s 5.4, 5.5, 5.8). The r e s u l t s of G3 a r e s l i g h t l y anomalous 
because o f the extent of the p r o j e c t i o n of the waterproof cover ( S e c t i o n 
3.2.4). 
The p r o g r e s s i v e i n c r e a s e i n the mean weighted s i l i c a c o n c e n t r a t i o n can 
be r e l a t e d to the s i l i c a content of the v e g e t a t i o n . The d i f f e r e n t g r a s s 
s p e c i e s vary i n t h e i r r o l e as accumulators (Table 5.7), the i n c r e a s i n g 
dominance of A g r o s t i s t e n u i s and decrease i n F e s t u c a ovina c o i n c i d i n g w i t h 
i n c r e a s i n g s i l i c a c o n c e n t r a t i o n s i n the t u r f drainage water ( F i g u r e 5.10). 
The s l i g h t i n c r e a s e i n potassium and c a l c i u m downslope (Table 5.4) may 
be r e l a t e d to the change from A g r o s t i s to F e s t u c a ( F i g u r e s 5.6 and 5.7) 
and the change from n u t r i e n t undemanding heath s p e c i e s a t the top of the 
slope to the more n u t r i e n t demanding ones of the improved p a s t u r e s a t the 
base ( F i g u r e 5.10). 
Bracken: C o n d u c t i v i t y and the c h l o r i d e c o n c e n t r a t i o n a r e g r e a t e s t 
a t the base of the slope (B3, Table 5.4). T h i s was due to the high frond 
d e n s i t y there, the g r e a t depth of accumulated l i t t e r and the low volume 
of l i t t e r f l o w (Table 5.1). The other r e s u l t s a r e more v a r i a b l e and 
d i f f i c u l t to e x p l a i n . For example, the potassium c o n c e n t r a t i o n i s a 
maximum a t the top of the slope where frond d e n s i t y i s a minimum and the 
amount of l i t t e r f l o w i s intermediate i n amount. 
F o r e s t : I n the f o r e s t , the c o n c e n t r a t i o n of s o l u t e s i n l i t t e r f l o w 
i s g r e a t e s t a t the top of the slope ( s i t e s F l , F2 and F3, F i g u r e 3.4) and 
lowest towards the base ( s i t e s F4 and F 5 ) . C o n d u c t i v i t y and c o n c e n t r a t i o n s 
of sodium, potassium, c a l c i u m and c h l o r i d e a r e a t l e a s t 1.5 times g r e a t e r 
a t the top of the f o r e s t . These v a r i a t i o n s may be due to s i t e d i f f e r e n c e s . 
At s i t e s F2 and F3 the t r e e s were c l o s e l y spaced, depth of l i t t e r was 
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r e l a t i v e l y g r e a t and hence the p o t e n t i a l p r o v i s i o n of s o l u t e s as the l e a v e s 
decayed was g r e a t e s t . I n a d d i t i o n the volume o f l i t t e r f l o w a t - F l , F2 and 
F3 was lower than a t F4 and F5 (Table 5.1) and thus the s o l u t e c o n c e n t r a t i o n 
a t these s i t e s was g r e a t e r . I n a d d i t i o n , measurement of the s o l u t e 
composition of t h r o u g h f a l l a t F3 demonstrated t h a t the c o n c e n t r a t i o n of 
ions was g r e a t h e r than a t F5, probably because of the proximity of the t r e e s , 
c. S i t e f a c t o r s 
Spearman rank c o r r e l a t i o n c o e f f i c i e n t s were computed to determine 
whether there was a s i g n i f i c a n t r e l a t i o n s h i p between the mean weighted 
s o l u t e c o n c e n t r a t i o n of the ions (Table 5.4) and s i t e f a c t o r s . Slope angle, 
d i s t a n c e from the d i v i d e and annual l i t t e r f l o w d i s c h a r g e were included i n 
the a n a l y s i s , but none of the r e l a t i o n s h i p s were found to be s i g n i f i c a n t 
(Table 5.8). The s o l u t e c o n c e n t r a t i o n a t i n d i v i d u a l s i t e s must t h e r e f o r e 
Table 5.8. The c o r r e l a t i o n s between mean weighted l i t t e r f l o w 
c o n c e n t r a t i o n s and s i t e f a c t o r s i n c l u d i n g annual 
(N = 12) 
s o l u t e 
discheu?ge 
Na K Ca Mg SiO^ 01 
D i s t a n c e from d i v i d e 
Slope angle 
Annual d i s c h a r g e 
0.00 
0.13 
0.34 
-0.33 
0.08 
-0.35 
-0.08 
0.33 
0.21 
-0.18 
0.37 
-0.16 
-0.05 
0.26 
-0.12 
-0.11 
0.16 
0.21 
depend mainly on b i o l o g i c a l f a c t o r s such as the chemical composition of 
the l e a v e s , amount of l e a f l i t t e r and r a t e o f decomposition. Other f a c t o r s 
i n f l u e n c i n g the atmospheric input and t h r o u g h f a l l composition were d e n s i t y 
of the stand and e f f i c i e n c y of entrapment. H y d r o l o g i c a l f a c t o r s such as 
l i t t e r f l o w d i s c h a r g e per week w i l l be considered f o r s e l e c t e d s i t e s i n 
S e c t i o n 5.3.4. 
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5.3.3. Temporal v a r i a t i o n s i n l i t t e r f l o w s o l u t e chemistry 
Seasonal changes i n l i t t e r f l o w chemistry a r e shown f o r the c o l l e c t i o n 
s i t e s a t the base of each v e g e t a t i o n t r a n s e c t : G4, B3 and F5 ( F i g u r e s 5,11, 
5:i2and 513). 
G r a s s l a n d s i t e , G4: Fi g u r e 5.Vlshows t h a t l i t t e r f l o w e x h i b i t s 
c o n s i d e r a b l e s e a s o n a l v a r i a t i o n i n c o n d u c t i v i t y but t h a t the change i n the 
con c e n t r a t i o n of s o l u t e s i s much l e s s . There i s a trend towards a maximum 
pH i n summer. T h i s f e a t u r e has a l s o been noted by Frankland e t a l (1962). 
They recorded t h a t the pH of ground f l o r a l i t t e r i n an oak woodland reached 
a maximum i n August. Thus the high pH i n l i t t e r f l o w i n summer may c o r r e s -
pond with a high pH i n the t u r f l a y e r . The pH of t h i s l a y e r i s a f f e c t e d 
by many f a c t o r s such as water content, c a t i o n exchange and m i c r o b i a l 
a c t i v i t y ( N y k v i s t , 1961; Frankland e t a l , 1962). The a c t i v i t y of the 
micro-organisms may have been reduced by the dry period i n J u l y and August 
and hence t h e i r production of carbon dioxide would decrease. 
Sodium and c h l o r i d e showed a maximum o c c u r r i n g i n e a r l y w i n t e r 
(December). These ions f o l l o w the trend i n the c o n c e n t r a t i o n of bulk 
p r e c i p i t a t i o n ( F i g u r e 4.2) although the r e l a t i v e l y l a r g e o s c i l l a t i o n s 
seem to have been moderated. V a r i a t i o n s i n sodium and c h l o r i d e may thus 
be l i n k e d to the a c t i v i t y o f depr e s s i o n s from the south-western approaches. 
Other pr o c e s s e s may a l s o be i n v o l v e d . Evaporation of l i t t e r f l o w from one 
storm r e s u l t s i n the p r e c i p i t a t i o n of the i o n s . During the next storm 
these s a l t s w i l l be d i s s o l v e d , r e s u l t i n g i n an i n i t i a l i n c r e a s e i n 
co n c e n t r a t i o n . 
Potassium shows a marked s e a s o n a l trend, w i t h a maximum c o n c e n t r a t i o n 
i n J u l y and August ( F i g u r e 5,0.). Because potassium i s e a s i l y leached 
(Gosz e t a l , 1973) t h i s s e a s o n a l v a r i a t i o n may be due to l e a c h i n g from 
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the g r a s s l e a v e s during very a c t i v e growth (Tukey e t a l , 1965). Low 
c o n c e n t r a t i o n s i n autumn c o n t r a s t with the s i t u a t i o n f o r bracken ( F i g u r e 
5,12). I n the g r a s s l a n d ( F i g u r e 5.11), most of the potassium was r e l e a s e d 
r a p i d l y by l e a c h i n g so t h a t only a s m a l l amount was a v a i l a b l e f o r decomposi-
t i o n , and t h i s would e x p l a i n the low secondary maximum i n November, 
The c o n c e n t r a t i o n of calcium reached a peak i n autumn and was a t a 
minimum i n l a t e s p r i n g and e a r l y summer ( F i g u r e 5.11). The high c o n c e n t r a -
t i o n i n autumn i s the r e s u l t of r a p i d r e l e a s e of calcium during the i n i t i a l 
s t a g e s of decomposition. A t t i w i l l (1967) notes t h a t calcium i s immobilised 
i n the l e a v e s p r i o r to l e a f f a l l , which e x p l a i n s the d i f f e r e n c e i n i t s 
behaviour from t h a t of potassium and i t s l a t e r i n c r e a s e i n c o n c e n t r a t i o n . 
The magnesium c o n c e n t r a t i o n s were low throughout the year, i n c r e a s i n g 
s l i g h t l y i n winter due to higher c o n c e n t r a t i o n i n bulk p r e c i p i t a t i o n 
( F i g u r e 4.2). 
S i l i c a e x h i b i t e d a r i s i n g trend during the year, the 5 week running 
mean commencing a t about 0.5 mg 1 ^ i n February r i s i n g to about 7 mg 1 ^ 
i n August and 10 mg 1 i n December. Decomposition i n the t u r f mat 
r e l e a s e d the s i l i c a very s l o w l y ; hence the maximum was reached a f t e r t h a t 
of the more mobile ions such as potassium and calcium. 
Bracken s i t e , B3: The s o l u t e c o n c e n t r a t i o n s show l a r g e weekly 
v a r i a t i o n s throughout the y e a r ( F i g u r e 5.12). C o n d u c t i v i t y e x h i b i t s a 
h i g h l y e r r a t i c p a t t e r n , and f o r example during the summer, ranged from 
127 to 420 /imhos cm~"^ . T h i s i s a s s o c i a t e d with the i n t e r a c t i o n of hydro-
l o g i c a l and b i o l o g i c a l f a c t o r s . During the summer i n t e r c e p t i o n by bracken 
was about 50 per c e n t and approximately 15 mm of r a i n were r e q u i r e d to 
i n i t i a t e l i t t e r f l o w . Thus during weeks of low r a i n f a l l (20 mm) only a 
s m a l l amount of water f l u s h e d through the l i t t e r and c o n d u c t i v i t i e s were 
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high (e.g. 540 pnhos cm'"^  on 5 September). During weeks o f high r a i n f a l l 
(40 mm+) d i l u t i o n occurred and c o n d u c t i v i t i e s were lower (e.g. 195 pmhos 
cm"*^  on 29th August). 
The s m a l l s e a s o n a l v a r i a t i o n i n pH ( F i g u r e 5.12) c o n t r a s t s with t h a t 
noted f o r bracken t h r o u g h f a l l ( S e c t i o n 4.3.3, F i g u r e 4.9), and f o r g r a s s l a n d 
l i t t e r f l o w . The high pH recorded i n bracken t h r o u g h f a l l a s s o c i a t e d with 
l e a c h i n g of the bases from the l e a v e s i s not apparent. P o s s i b l y l e a c h i n g 
of organic a c i d s and the r e l e a s e of carbon d i o x i d e by decomposers i n the 
fermentation l a y e r c o u n t e r a c t s t h i s input with a higher pH. 
The trends observed f o r the sodium and c h l o r i d e c o n c e n t r a t i o n s a r e 
s i m i l a r to those recorded f o r bulk p r e c i p i t a t i o n ( F i g u r e 4.2). There i s 
a very c l o s e correspondence between high c o n c e n t r a t i o n s from February to 
J u l y f o r bulk p r e c i p i t a t i o n and bracken l i t t e r f l o w , but the response i n the 
l a t t e r i s r a t h e r damped, p o s s i b l y due to an e v a p o r a t i o n / l e a c h i n g mechanism 
operating. From August to December the bracken s o l u t e c o n c e n t r a t i o n s behave 
e r r a t i c a l l y , the trends being more extreme than those of bulk p r e c i p i t a t i o n . 
T h i s i s due to the i n t e r a c t i o n of h y d r o l o g i c a l and b i o l o g i c a l f a c t o r s 
d i s c u s s e d above. 
Potassium remained low from February to May (about 3 mg 1 ^) then 
r o s e d r a m a t i c a l l y i n June i n c r e a s i n g to about 30 mg 1 ^ during the summer 
and f i n a l l y r i s i n g to more than 70 mg 1 ^ i n autumn. T h i s trend i s c l e a r l y 
r e l a t e d to the bracken growth c y c l e . I n w i n t e r the c o n c e n t r a t i o n was low 
and as the bracken developed, the potassium was r e a d i l y leached from the 
young t i s s u e , so c o n c e n t r a t i o n s r o s e (Tukey e t a l , 1965). Large amounts 
of potassium were leached during the autumn, the g r e a t e s t c o n c e n t r a t i o n 
o c c u r r i n g i n November j u s t a f t e r the bracken died. 
Calcium c o n c e n t r a t i o n s a l s o e x h i b i t e d a s e a s o n a l p a t t e r n , although 
the extreme v a r i a t i o n noted there f o r potassium was not apparent. 
175 
Again, l e a c h i n g was the dominant r e l e a s e mechanism and hence the i n c r e a s e d 
c o n c e n t r a t i o n i n the autximn. Magnesium and s i l i c a e x h i b i t e d s i m i l a r 
trends to those observed i n the g r a s s l a n d ( F i g u r e 5.11). Magnesium was 
r e l a t i v e l y c onstant during the year, whereas s i l i c a i n c r e a s e d to a maximum 
i n autumn. 
F o r e s t s i t e , F5 ( F i g u r e 5.13): C o n d u c t i v i t y has been p l o t t e d again 
i n F i g u r e 5.14 to demonstrate the seas o n a l v a r i a t i o n . The p a t t e r n of 5 
week running mean values during February to May corresponds c l o s e l y with 
those i n bulk p r e c i p i t a t i o n and are approximately double. I n June and J u l y 
there was a l a r g e i n c r e a s e i n c o n d u c t i v i t y (6x bulk p r e c i p i t a t i o n ) . P a r t 
of the reason i s the period of time between events. Thus before l i t t e r f l o w 
was recorded on 13th June, three weeks had elapsed without any d i s c h a r g e . 
During t h i s time there was a t o t a l o f 9 mm of r a i n , but a t l e a s t 10 mm per 
week i s r e q u i r e d f o r l i t t e r f l o w to occur. C o n d u c t i v i t y was t h e r e f o r e h i g h 
(307 pmhos cm ^) due to the f l u s h i n g out o f s a l t s which had accumulated 
s i n c e the storms of the previous weeks. The main reason f o r high conduc-
t i v i t i e s was the l a r g e amount of l e a f f a l l which occurred a t c e r t a i n times 
during the y e a r . W h i l s t c o n i f e r needles f a l l throughout the year there a r e 
two peaks, during l a t e s p r i n g and autumn (Bray and Gorham, 1964). Gosz e t 
a l (1972) a l s o recorded a peak i n l i t t e r f a l l during May and June f o r spruce 
and a second i n September and October. These f a l l s accounted f o r 26.5 and 
29.4 per cent, r e s p e c t i v e l y , of the y e a r ' s t o t a l . High c o n d u c t i v i t i e s were 
thus the r e s u l t o f the seas o n a l input of needles to the f o r e s t f l o o r , McColl 
(1972) a l s o recorded the s e a s o n a l changes i n l i t t e r f l o w c o n d u c t i v i t y ( F i g u r e 
5.15). These r e s u l t s show approximately the same trend as found i n the 
Narrator catchment. 
Sodium and c h l o r i d e e x h i b i t e d two maxima, i n the s p r i n g and e a r l y w i n t e r 
( F i g u r e 5.13). These accord w e l l with the maxima p r e v i o u s l y noted i n bulk 
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p r e c i p i t a t i o n ( F i g u r e 4.2) and with s i t k a spruce t h r o u g h f a l l ( F i g u r e 4.§). 
High c o n c e n t r a t i o n s are r e l a t e d to a t m o s p h e r i c a l l y d e r i v e d input and the 
i n c r e a s e d storminess of the ocean. 
Maximum potassium c o n c e n t r a t i o n s were recorded i n June-July and 
November-December ( F i g u r e 5.13). The h i g h e s t c o n c e n t r a t i o n s occurred i n 
e a r l y summer and c o i n c i d e d with the f a l l o f needles and the lower r a i n f a l l 
a t t h a t time. Maximum calcium c o n c e n t r a t i o n s occurred i n the autumn and 
e a r l y w i n t e r . During s p r i n g and summer ca l c i u m c o n c e n t r a t i o n s were low. 
As decomposition of the needles took p l a c e i n autumn, calcium was leached 
from the decaying t i s s u e . Decay of c o n i f e r o u s l i t t e r i s very slow, the 
needles r e q u i r i n g up to ten y e a r s f o r t h e i r decomposition ( E t h e r i n g t o n , 
1975). Thus c a l c i u m i s r e l e a s e d over a long p e r i o d . 
Magnesium and s i l i c a e x h i b i t s e a s o n a l v a r i a t i o n s s i m i l a r to those 
observed i n g r a s s l a n d l i t t e r f l o w d i s c u s s e d above. 
5.3.4. L i t t e r f l o w s o l u t e c o n c e n t r a t i o n s , hydro-chemical and hydro-
meteorological c o n d i t i o n s 
Rank c o r r e l a t i o n c o e f f i c i e n t s were c a l c u l a t e d to determine the 
s i g n i f i c a n c e o f the r e l a t i o n s h i p s between l i t t e r f l o w s o l u t e c o n c e n t r a t i o n s 
and hydro-meteorological c o n d i t i o n s (Table 5 . 9 ) . The c o n c e n t r a t i o n of 
s o l u t e s i n the previous point i n the atmospheric pathway was incl u d e d i n 
the a n a l y s i s s i n c e t h i s w i l l have an impact on l i t t e r f l o w chemistry. 
The importance o f the n u t r i e n t content o f p r e c i p i t a t i o n and t h r o u g h f a l l 
on decomposing l i t t e r has been noted by s e v e r a l s t u d i e s (Frankland e t a l , 
1962; Gosz e t a l , 1973). Of the seven v a r i a b l e s i n c l u d e d i n the a n a l y s i s , 
the s o l u t e c o n c e n t r a t i o n a t a point, i n the previous pathway was the most 
important, being s i g n i f i c a n t l y c o r r e l a t e d with 19 o f the 24 chemical 
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measures (Table 5.9). I n a d d i t i o n , where a s i g n i f i c a n t r e l a t i o n s h i p 
e x i s t e d , the atmospheric s o l u t e c o n c e n t r a t i o n e x p l a i n e d much of the 
v a r i a t i o n i n l i t t e r f l o w q u a l i t y , f o r example up to 74% of the c h l o r i d e 
c o n c e n t r a t i o n . 
C r y e r ' s s e a s o n a l index was used i n the a n a l y s i s to determine whether 
l i t t e r f l o w chemistry i s r e l a t e d to the sea s o n a l b i o l o g i c a l p a t t e r n s of 
growth, l i t t e r f a l l and decomposition. The s e a s o n a l p a t t e r n has been 
recognised as an important c o n t r o l i n s o l u t e behaviour (Gosz e t a l , 1973). 
Sodium, c h l o r i d e and potassium a l l had a s e a s o n a l component, although the 
source of and c o n t r o l on potassium i s r a t h e r d i f f e r e n t from those of the 
other i o n s . 
S e v e r a l h y d r o l o g i c a l f a c t o r s were inc l u d e d i n the a n a l y s i s . Discharge 
has been shown to be an important v a r i a b l e i n accounting f or the vairiance 
i n the c o n c e n t r a t i o n of s o l u t e s (McCgll, 1973) but i n t h i s i n v e s t i g a t i o n 
t h i s only a p p l i e d to g r a s s l a n d l i t t e r f l o w . P a r t of any r a i n f a l l i n g i n 
the g r a s s l a n d v/ould be t r a n s m i t t e d as t u r f flow and th e r e i s t h e r e f o r e a 
simple r e l a t i o n s h i p between amount of r a i n and d i s c h a r g e . Thus the 
co n c e n t r a t i o n s are s i g n i f i c a n t l y r e l a t e d to d i s c h a r g e , implying a simple 
d i l u t i o n response. However i n the f o r e s t and bracken t r a n s e c t s , i n t e r -
c e p t i o n by the canopy and r e t e n t i o n by the l i t t e r ensured t h a t there was 
a more complicated r e l a t i o n s h i p between l i t t e r f l o w chemistry and the amount 
of r a i n . I n the f o r e s t and bracken a t l e a s t 10 mm of water were r e q u i r e d 
before l i t t e r f l o w was i n i t i a t e d , thus the p e r i o d between flows was longer 
than i n the g r a s s l a n d and the number of occurrences lower (Table 5 . 9 ) . 
Gras s l a n d , G4: Hydrogen, sodium, potassium, and c h l o r i d e were most 
s i g n i f i c a n t l y c o r r e l a t e d vyith the c o n c e n t r a t i o n i n bulk p r e c i p i t a t i o n 
(Table 5.9). Thus the c o n c e n t r a t i o n of these e s s e n t i a l and n o n - e s s e n t i a l 
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p l a n t n u t r i e n t s depends mainly on the atmospheric i n p u t . Sodium and 
c h l o r i d e are i n f l u e n c e d by the atmospheric a s p e c t alone, and merely pass 
through the l i t t e r . Potassium however i s a l s o d e r i v e d from l e a c h i n g of 
the t u r f l a y e r . Table 5.9 suggests t h a t the atmospheric a s p e c t i s dominant, 
although i t s c o n c e n t r a t i o n depends on b i o l o g i c a l f a c t o r s as w e l l . The 
p o s i t i v e c o r r e l a t i o n with temperature shows t h a t maximum c o n c e n t r a t i o n s 
occurred i n summer, maximum l e a c h i n g t a k i n g p l a c e w h i l s t the g r a s s was 
growing v i g o r o u s l y . 
A l l the ions except hydrogen and calcium are n e g a t i v e l y c o r r e l a t e d 
with the weekly amount of r a i n f a l l , i n c r e a s e d d i l u t i o n r e s u l t i n g from high 
r a i n f a l l . 
Bracken, B3: A l l the ions , except sodium and hydrogen were s i g n i f i c a n t l y 
c o r r e l a t e d with the c o n c e n t r a t i o n i n bracken t h r o u g h f a l l and stemflow. 
T h i s r e s u l t again i l l u s t r a t e s the importance of the input from the pr e v i o u s 
p o i n t i n the h y d r o l o g i c a l pathway. However c o n d u c t i v i t y and the s o l u t e 
c o n c e n t r a t i o n s were l a r g e l y determined by the season: i n a l l c a s e s the 
c o r r e l a t i o n v;ith C r y e r ' s s e a s o n a l index was extremely s i g n i f i c a n t (0.001 
s i g n i f i c a n c e l e v e l , Table 5.9). T h i s r e s u l t emphasises the manner i n 
which the l i t t e r f l o w chemistry i s a f f e c t e d by the se a s o n a l nature of the 
growth of bracken. 
F o r e s t , F5: Of the f a c t o r s i n the a n a l y s i s , t h r o u g h f a l l c o n c e n t r a t i o n 
accounted f o r most of the v a r i a t i o n i n l i t t e r f l o w chemistry of a l l the i o n s 
except s i l i c a (Table 5.9). The s o l u t e chemistry of t h r o u g h f a l l and the 
f a c t o r s a f f e c t i n g i t s chemical composition a r e d i s c u s s e d i n Section 4.2.2. 
Sin c e sodium and c h l o r i d e a r e not r e q u i r e d by the t r e e s they are not 
a f f e c t e d by l e a c h i n g , i n t e r c e p t i o n or storage p r o c e s s e s . The only source 
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of these ions i s the atmosphere ( S e c t i o n 4.1.2) and t h e i r c o n c e n t r a t i o n 
i s t h e r e f o r e c o n t r o l l e d by v a r i a t i o n s i n t h r o u g h f a l l and bulk p r e c i p i t a t i o n 
chemistry (Table 5.9). The input of these i o n s v a r i e s s e a s o n a l l y , hence 
the p o s i t i v e a s s o c i a t i o n with the se a s o n a l index, high c o n c e n t r a t i o n s i n 
summer being r e l a t e d to the b i o l o g i c a l rhythms of the co n i f e r o u s f o r e s t 
d i s c u s s e d above. I n c o n t r a s t , n e i t h e r c a l c i u m nor magnesium are r e l a t e d 
to season. T h i s may be because they are l e s s mobile than potassium 
(Gosz e t a l , 1973) and so l e a c h i n g and decomposition continue to r e l e a s e 
the ions s l o w l y throughout the year. A l t e r n a t i v e l y maximum decomposition 
may take p l a c e i n the summer or autumn but the n u t r i e n t s are used 
immediately by decomposers, r e s u l t i n g i n a b i o l o g i c a l b u f f e r i n g e f f e c t . 
S i l i c a i s most s i g n i f i c a n t l y r e l a t e d to h y d r o l o g i c a l f a c t o r s , i n 
p a r t i c u l a r to the antecedent p r e c i p i t a t i o n index and weekly r a i n f a l l 
t o t a l . T h i s suggests t h a t d i l u t i o n and evaporation/concentration 
p r o c e s s e s are important f o r s i l i c a . 
C o n d u c t i v i t y was s i g n i f i c a n t l y c o r r e l a t e d with maximum d a i l y r a i n f a l l 
t o t a l (0.01 s i g n i f i c a n c e l e v e l . Table 5.9) as w e l l as t h r o u g h f a l l . 
McColl (1973) a l s o noted the importance of h y d r o l o g i c a l f a c t o r s , p a r t i c u -
l a r l y l i t t e r f l o w d ischarge ( r = -0.29, 0.05 s i g n i f i c a n c e l e v e l ) . 
Temperature was a l s o a major c o n t r o l on c o n d u c t i v i t y ( r = 0.66, 0.001 
s i g n i f i c a n c e l e v e l ) which was a t t r i b u t e d to g r e a t e r b i o l o g i c a l a c t i o n 
o c c u r r i n g a t higher temperatures. However, t h i s r e l a t i o n s h i p between 
temperature and c o n d u c t i v i t y does not e x i s t i n the Narrator catchment 
because of i t s domination by sodium and c h l o r i d e i n w i n t e r . 
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5.3.5. P r i n c i p a l components a n a l y s i s of l i t t e r f l o w chemistry data 
E i g h t chemical v a r i a b l e s i n c l u d i n g c o n d u c t i v i t y and s i l i c a measured 
on l i t t e r f l o w samples from the g r a s s l a n d , bracken and f o r e s t f o r the 
period 14/2/77 to 20/3/78 were entered to P.C.A. I n i t i a l l y every l i t t e r -
flow sample from a l l three t r a n s e c t s was used i n the a n a l y s i s (482 s a m p l e s ) . 
I n order to f a c i l i t a t e i n t e r p r e t a t i o n however, only samples from the g r a s s -
land s i t e G4, bracken s i t e 31, and f o r e s t s i t e F5 (125 samples) were 
considered, s i n c e the r e s u l t s were i d e n t i c a l to those of the e n t i r e popula-
t i o n . - - • .-T.-^ --
The f i r s t two components explained 65% of the v a r i a n c e , both components 
p o s s e s s i n g eigenvalues g r e a t e r than 1.0. Component I which e x p l a i n s 47% 
of the v a r i a n c e i s dominated by c h l o r i d e , sodium and magnesium. (Table 5.10). 
T h i s demonstrates the dominance of marine d e r i v e d s a l t s i n the annual 
v a r i a t i o n o f l i t t e r f l o w c h a r a c t e r i s t i c s , such as those observed i n bulk 
p r e c i p i t a t i o n ( S e c t i o n 4.1.6) and t h r o u g h f a l l ( S e c t i o n 4.2..6)-
Component I I e x p l a i n i n g 18% of the v a r i a n c e , has high loadings f o r only 
Table 5.10. Component loadings on the f i r s t two 
of l i t t e r f l o w chemistry 
p r i n c i p a l components 
Component I 
C h l o r i d e 
Sodium 
Magnesium 
S i l i c a 
C o n d u c t i v i t y 
Variance 
explained 47% 
0.415 
0.410 
0.392 
0.360 
0.358 
Component I I 
pH 
Potassium 
Variance 
e x p l a i n e d 18% 
-0.635 
-0.532 
T o t a l v a r i a n c e e x p l a i n e d : 65% 
pH and potassium. T h i s a s s o c i a t i o n between pH and potassium suggests 
t h a t component I I i s concerned with l e a c h i n g . I t was found t h a t the pH 
was s i g n i f i c a n t l y c o r r e l a t e d with the potassium c o n c e n t r a t i o n (0.01 
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s i g n i f i c a n c e l e v e l ) ; as would be expected, pH i n c r e a s e d as the potassium 
c o n c e n t r a t i o n r o s e . Calcium i s the most importeint ion i n component I I I , 
v a r i a n c e explained 13%, i n d i c a t i n g i t s d i f f e r e n t behaviour from the other 
i o n s . 
The component s c o r e s f o r axes I and I I a r e p l o t t e d on Figure 5.^I6a,b. 
On the f i r s t p l o t the g r a s s l a n d l i t t e r f l o w samples are from 1 to 49, 
bracken samples 50 to 87 and f o r e s t samples 88 to 125. On the second p l o t 
the v e g e t a t i o n type i s i d e n t i f i e d by the p r e f i x G.B.F f o r g r a s s l a n d , bracken 
and f o r e s t , together with the month of c o l l e c t i o n . Axis I i s mainly a 
f u n c t i o n of the c h l o r i d e , sodium and magnesium c o n c e n t r a t i o n s , thus sample 
44 ( g r a s s l a n d , Jan) has a low c o n c e n t r a t i o n of these ions and sample 78 
(bracken, Dec) has a high c o n c e n t r a t i o n . A x i s I I depends on the pH and 
potassium co n c e n t r a t i o n , but i n t e r p r e t a t i o n of t h i s a x i s i s more d i f f i c u l t . 
Samples with high component loadings such as samples 92 ( f o r e s t , Mar) and 
116 ( f o r e s t , Dec) have low pHs (3.9) and y e t samples 56 (bracken, Mar) 
and 78 (bracken, Dec) again with high loadings have high pHs (4.6 and 6.0). 
The potassium c o n c e n t r a t i o n s of these samples range from 3.0 mg 1 ^ (sample 
92) to 35.2 mg 1~^ (sample 7 8 ) . The samples with low component s c o r e s on 
a x i s I I are more c o n s i s t e n t , and a l l have high pHs and high potassium 
c o n c e n t r a t i o n s , f o r example, samples 6 5 and 66 (bracken, June; 6.4, 35 mg 1 
and J u l y ; 6.4, 32 mg 1 ^ r e s p e c t i v e l y ) . 
The p a t t e r n s formed by the p o i n t s i n F i g u r e 5.16 a r e r a t h e r d i f f i c u l t 
to i n t e r p r e t and the o v e r l a y has been provided to f a c i l i t a t e , t h i s . The 
l a r g e s t group of p o i n t s have negative component loadings on a x i s I I , i . e . 
a r e to the l e f t of 0.0. The g r a s s l a n d samples form the s m a l l e s t c l u s t e r 
of p o i n t s and there i s trend from top l e f t to bottom c e n t r e a c r o s s the 
graph. Sample 10 (Apr) has a c o n c e n t r a t i o n c l o s e to the weighted mean 
(Table 5.4) f o r t u r f flow and se i s a t the c e n t r e of the group. The f o r e s t 
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samples a r e more spread out i n the upper p a r t of the graph. For the f o r e s t 
l i t t e r f l o w , sample 95 (May) has a c o n c e n t r a t i o n c l o s e to the weighted mean. 
The bracken samples form the most d i s p a r a t e group, sample 75 (Sept) being 
c l o s e s t to the weighted mean c o n c e n t r a t i o n . Thus the 'centre of g r a v i t y ' 
of the g r a s s l a n d p o i n t s (sample 10) has a r e l a t i v e l y low component s c o r e 
on a x i s I , but i s c e n t r a l on a x i s I I . Bracken l i t t e r f l o w chemistry i s 
cent r e d on sample 75 which has a higher p o s i t i o n on a x i s I but lower on 
a x i s I I than f o r g r a s s l a n d , s i g n i f y i n g a higher c h l o r i d e and sodium concen-
t r a t i o n and higher pH. The f o r e s t , c e n t r e d on sample 95 has a higher 
l o c a t i o n on a x i s I than f o r the g r a s s l a n d , but i s s i g n i f i c a n t l y higher on 
a x i s I I . C h l o r i d e and sodium c o n c e n t r a t i o n s a r e higher t h e r e f o r e , but pH 
and potassium are lower. 
Samples with low component s c o r e s on a x i s I a r e a l l a s s o c i a t e d w i t h 
high r a i n f a l l amount (e.g. samples 45, 82 and 122; 30/1/78, 73 mm). 
These storms occurred mainly i n winter, although not e x c l u s i v e l y so, and 
d i l u t e d the s o l u t e c o n c e n t r a t i o n of l i t t e r f l o w . The h i g h e s t s c o r e s are 
f o r the bracken and the f o r e s t samples, due to the c o n c e n t r a t i o n of samples 
by evaporation l o s s e s and p o s s i b l y the c o n t r i b u t i o n of l e a f l e a c h a t e s . 
No evidence of a seas o n a l p a t t e r n can be d i s c e r n e d . 
For a x i s I I , there i s a se a s o n a l p a t t e r n a s s o c i a t e d with each major 
v e g e t a t i o n type. I n the g r a s s l a n d , low component s c o r e s on a x i s I I were 
g e n e r a l l y recorded i n summer. R a i n f a l l ranged from 2.0 mm to 22 mm; however 
i n a l l c a s e s the l i t t e r f l o w pH was about 5.5 and potassium c o n c e n t r a t i o n 
approximately 21 mg 1 ^ (samples 20, 22 and 2 3 ) . The l e a c h i n g of potassium 
from the t u r f and the reasons f o r the high summer c o n c e n t r a t i o n s were 
d i s c u s s e d i n S e c t i o n 5.3.3. The seas o n a l p a t t e r n e x h i b i t e d by bracken i s 
more complicated. Samples with low s c o r e s occurred i n the summer, when 
r a i n f a l l amounts were low, and i n autumn v/hen r a i n f a l l was high (sample 
77; 7/11/77, 82 mm). Sample 78 has a high component sc o r e on a x i s I I 
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because of a high s i l i c a c o n c e n t r a t i o n (21 mg l""^) which may be the r e s u l t 
of contamination. I n the f o r e s t the h i g h e s t s c o r e s occurred i n the s p r i n g 
(March and A p r i l ) and the lowest i n summer (June to August). V a r i a t i o n s 
i n the pH of f o r e s t l i t t e r f l o w depend on c a t i o n exchange and m i c r o b i a l 
decomposition p r o c e s s e s as d i s c u s s e d i n S e c t i o n s 5.3.2 and 5.3.3. 
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5.4. Summary 
The r e s u l t s o f chapter 5 are summarised below i n Table 5.11 
Table 5.11. Summary c h a r t f o r l i t t e r f l o w chemistry t o show the change 
from t h r o u g h f a l l as w e l l as the s p a t i a l and temporal 
v a r i a t i o n s 
Element Change from t h r o u g h f a l l 
S p a t i a l 
v a r i a t i o n 
Temporal 
v a r i a t i o n 
Hydrogen Loss due t o gain i n 
cations by leaching 
Forest > 
bracken 
grassland> 
Sodium 
Potassium 
Calcium 
Moderate enrichment 
by evaporation 
Forest> bracken> 
grassland. 
Great increase i n 
concn. as n u t r i e n t s 
leached from l e a f 
l i t t e r . Change 
gr e a t e s t f o r bracken 
Moderate change" 
(x2) as n u t r i e n t s 
leached from l e a f 
l i t t e r 
Forest > bracken> 
grassland 
Forest > bracken> 
grassland 
High pH i n summer 
due t o dry con-
d i t i o n s and lack 
o f b i o l o g i c a l 
a c t i v i t y 
Maximum i n w i n t e r 
r e l a t e d t o bulk 
p r e c i p i t a t i o n and 
passage of S.W. 
depressions 
Maximum i n summer. 
Esp e c i a l l y high i n 
bracken t r a n s e c t 
as bracken d i e s . 
Potassium i s e a s i l y 
leached from leaves 
Maximum i n autumn 
( l a t e r than f o r 
potassium). Rapid 
release during e a r l y 
stages o f decomposi-
t i o n 
Magnesium Moderate change, 
some enrichment & 
some leaching 
S i l i c a Great change as 
b i o l o g i c a l s i l i c a 
leached from l i t t e r . 
High le'vels i n 
grassland & bracken 
Chloride Moderate enrichment 
due t o evaporation 
Forest = bracken> 
grassland 
Bracken > f o r e s t > 
grassland 
F o r e s t > bracken> 
grassland 
Low throughout year 
Maximum i n autumn. 
Release o f s i l i c a 
very slow and peaks 
a f t e r potassium and 
calcium 
Maximum i n w i n t e r 
as f o r sodium 
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CHAPTER 6 
THE GROUND COMPONENT - INTERFLOW 
6.1. I n t r o d u c t i o n 
I n t e r f l o w moving a t shallow depth comprises the second subsection o f 
the ground component. As explained i n the i n t r o d u c t i o n , an important p a r t 
o f t h i s study aimed t o i n v e s t i g a t e i n t e r f l o w s o l u t e chemistry and i t s 
e f f e c t on the stream. Therefore t h i s chapter focusses on i n t e r f l o w , i n 
p a r t i c u l a r i d e n t i f y i n g f o u r main i n t e r f l o w pathway types and examining 
t h e i r s o l u t e c h a r a c t e r i s t i c s . The aims are i d e n t i c a l t o those f o r 
l i t t e r f l o w (Chapter 5 ) , the primary o b j e c t i v e being t o describe and e x p l a i n 
the s p a t i a l and temporal changes i n the i n t e r f l o w h y d r o l o g i c a l and s o l u t e 
c h a r a c t e r i s t i c s . 
6.1,1. I n t e r f l o w discharge 
I n t e r f l o w i s the downslope flow o f water o c c u r r i n g l a t e r a l l y through 
the upper s o i l horizons along a r e l a t i v e l y impermeable laye r o f s o i l 
(Hewlett and Hibbert, 1963; 1965; Whipkey, 1965; Kirkby and Chorley, 1967; 
Weyman, 1973). The flow occurs a t the j u n c t i o n o f a more permeable 
horizon w i t h a less permeable one, the l a t t e r being termed *the c r i t i c a l 
l a y e r ' by Whipkey and Kirkby (1978). For example i n a podzolic s o i l , 
given s u i t a b l e antecedent moisture and r a i n f a l l c o n d i t i o n s , s a t u r a t i o n may 
b u i l d up a t the j u n c t i o n between the A and B horizon, where i l l u v i a t e d 
m a t e r i a l from the A horizon has rendered the B horizon more impermeable. 
A perched saturated l a y e r i s formed and thus the water flows l a t e r a l l y a t 
the A/B i n t e r f a c e since the h o r i z o n t a l h y d r a u l i c c o n d u c t i v i t y there i s 
greater than v e r t i c a l c o n d u c t i v i t y o f the B horizon. The discharge may 
reach the stream d i r e c t l y . However, where the impeding la y e r becomes 
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more permeable, the water w i l l g r a d u a l l y d i f f u s e through and enter the 
groundwater. 
Several synonyms are used i n the l i t e r a t u r e f o r t h i s discharge 
i n c l u d i n g subsurface r u n o f f (Hursh, 1936), subsurface s t o r n f l o w (Hursh, 
1935; Whipkey 1965, 1967) and throughflow (Kirkby and Chorley, 1967; 
Kirkby, 1969; Weyman, 1973; Anderson and Burt, 1977; Burt, 1979). Sub-
siirface stormflow i s derived i n the saturated s o i l zones close to a stream 
and r a p i d l y discharges i n t o the channel dur i n g a storm, so t h a t i t c o n t r i -
butes d i r e c t l y t o the hydrograph peak (V/hipkey, 1965). Throughflow also 
reaches the stream d i r e c t l y . The flow i s u s u a l l y i n the unsaturated phase 
{Kirkby and Chorley, 1967) except near streams or i n hollows ( B u r t , 1979). 
I n t h i s t h e s i s the term i n t e r f l o w (V/hipkey, 1965; Ward, 1975), w i l l be 
used f o r the flow o f water towards the stream, although the water nay not 
discharge i n t o i t d i r e c t l y . 
The concept o f i n t e r f l o w and subsurface stormflow arose from problems 
w i t h the t r a d i t i o n a l Hortonian h y d r o l o g i c a l model and f i e l d observations 
(v;hipkey and Kirkby, 1978). Hortonian overland flow was r a r e l y observed 
on vegetated slopes i n humid areas. A subsurface stormflow mechanism was 
proposed t o account f o r the hydrograph peak. During a storm, i n t e r f l o w 
c o n t r i b u t e s t o the r u n o f f close t o the stream. Upslope, meanwhile, 
i n f i l t r a t i o n occurs and i n t e r f l o w i s t r a n s m i t t e d downhill above the more 
permeable horizons. Iflien the storm ceases, many of the s o i l pores remain 
f i l l e d w i t h water so t h a t drainage o f the s o i l moisture continues. Experi-
mental work has shown t h a t t h i s movement o f moisture downslope towards 
the stream i s capable o f s u s t a i n i n g baseflow (Hewlett and Hibbert, 1963). 
There are several problems as t o whether i n t e r f l o w can t r a v e l f a s t 
enough or whether i t can d e l i v e r s u f f i c i e n t q u a n t i t i e s o f water t o provide 
s i g n i f i c a n t c o n t r i b u t i o n s t o storm r u n o f f (Freeze, 1972). Dunne and 
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Black (1970a,concluded t h a t subsurface f l o w r a t e s through a permeable 
s o i l were too low t o c o n t r i b u t e s i g n i f i c a n t l y t o the storm hydrograph. 
S i m i l a r l y , Anderson and Burt (1978) showed t h a t although the major 
component o f flow from a h i l l s l o p e hollow i s an i n t e r f l o w pulse, which 
g r e a t l y influences stream discharge, t h i s pulse reaches the stream 30-
36 hours a f t e r the onset o f r a i n f a l l and so does not c o n t r i b u t e t o the 
hydrograph peak. I n c o n t r a s t , Whipkey (1967) demonstrated t h a t r a p i d 
i n t e r f l o w can be an important component o f the storm hydrograph. He 
recorded i n t e r f l o w v e l o c i t i e s o f 0.001 m s'*^. Regeurding the speed o f 
flov/ through the s o i l Hewlett and Hibbert (1967) proposed a t r a n s l a t o r y 
f l o w mechanism i n which 'old' water stored i n the s o i l i s displaced by 
'new' r a i n f a l l . Thus, although the speed o f i n t e r f l o w may be slow (5m 
d a y " a s s u m i n g the s o i l mass i s a t f i e l d capacity, the i n t e r f l o w c o n t r i -
b u t i o n t o stream r u n o f f can be very l a r g e . Weyman (1970) and Anderson 
and Burt (1977) studied i n t e r f l o w experimentally and showed t h a t i n t e r -
f l o w markedly influences streamflow v a r i a t i o n . I n t e r f l o w i s now regarded 
as the dominant mode o f v/ater movement down a h i l l s l o p e i n humid areas 
C^ipkey, 1965; Kirkby. 1969). 
The m a j o r i t y o f i n f o r m a t i o n on i n t e r f l o w has accrued from f i e l d 
experiments. These have been conducted under a broad range o f c o n d i t i o n s , 
w i t h widely varying discharges recorded. The environmental c o n d i t i o n s 
are reviewed comprehensively by Dunne (1978). S o i l types i n these f i e l d 
experiments v a r i e d from peaty podzols t o brown earths. S o i l t e x t u r e s 
ranged from sand t o s i l t y c l a y , and the vegetation was e i t h e r grass, 
bracken or deciduous woodland. The s o i l and vegetation c h a r a c t e r i s t i c s 
o f the Narrator catchment are very s i m i l a r (Chapter 2 ) , and thus valuable 
comparisons may be made w i t h the l i t e r a t u r e . 
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I n t e r f l o w cannot be considered t o be uniform i n time and space. 
Extremely large v a r i a t i o n s i n occurrence and discharge have been noted 
between catchments and between p l o t s w i t h i n a catchment ( A r n e t t , 1974; 
V/hipkey and Kirkby, 1978). Great v s i r i a t i o n was also found t o occur i n 
the Karrator catchment. Part o f t h i s v a r i a t i o n can be explained by con-
s i d e r i n g the d i f f e r e n t types o f pathway taken by i n t e r f l o w water downslope 
I n the Narrator catchment, f o u r major i n t e r f l o w pathways have been 
i d e n t i f i e d by Williams, Ternan and Kent (1983a). Each one i s associated 
w i t h d i f f e r e n t s o i l and moisture c o n d i t i o n s , but i n each case the presence 
o f an impeding l a y e r i s fundamental. 
Pathway 1, Flow above an i r o n pgin (Figure 6.1): when p r e c i p i t a t i o n 
has i n f i l t r a t e d the stagnopodzol on the plateau, i t i s forced to flow 
l a t e r a l l y by the i r o n pan which i s completely impermeable. 
Pathway 2, Flow above a fr a g i p a n (Figure 6.2): the l o c a l i s e d 
occurrence o f the f r a g i p a n i n the acid brown e a r t h s o i l and i t s e f f e c t 
on water movement were discussed i n Section 2.7.1. When the f r a g i p a n 
i s h i g h l y indurated i t can completely prevent the v e r t i c a l p e r c o l a t i o n 
o f water. The water flow takes place through t e x t u r a l pores which are 
s i m i l a r t o the i n t e r p e d a l voids noted by Knapp (1974). These pores could 
be described as micro-pipes because o f the lack o f f i n e s a t t h i s horizon 
i n the r e g o l i t h . Occasionally organic s t a i n i n g was present where organic 
matter had been washed down from above. Larger channels, however, such as 
o l d r o o t channels d i d not appear to conduct water, although elsewhere 
(Whipkey, 1965) they are reported t o be s i g n i f i c a n t . 
Pathv/ay 3, Sa t u r a t i o n upwards (Figure 6.3): the depth o f f l o w above 
the f r a g i p a n w i l l increase through the storm i f the downslope throughput 
i s less than the amount o f water coming from upslope. This phenomenon 
was also observed by Hewlett and Hibbert (1967) and by Weyman (1974). 
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Pathway 4, Withi n an impeding l a y e r (Figure 6.4): t h i s model o f 
i n t e r f l o w was suggested by V/hipkey and Kirkby (1978). I n a d d i t i o n t o the 
major zone o f flow above the f r a g i p a n , where the impeding l a y e r i s less 
indurated, a secondary i n t e r f l o w pathway may occur. During a storm, a 
w e t t i n g f r o n t moves downward through the impeding l a y e r t o s a t i s f y the 
c a p i l l a r y pores i n t h i s l a y e r . I n i t i a l l y t h i s movement i s very r a p i d 
because o f the large h y d r a u l i c g r a d i e n t , but as the storm continues the 
r a t e d eclines. Since the matric p o t e n t i a l i s greater than the g r a v i t y 
p o t e n t i a l , the downslope discharge i s very low. As the discharge o f water 
from upslope increases through the storm, not a l l the water can enter the 
impeding l a y e r and so flow above the f r a g i p a n develops. Discharge volumes 
from pathway 2 are t h e r e f o r e high, w h i l s t those recorded from pathway 4 
are very low. 
I n t e r f l o w was c o l l e c t e d using the Whipkey type g u t t e r system (V/hipkey, 
1965) described i n Section 3.2.4 v/ith p l a s t i c g u t t e r i n g i n s t a l l e d j u s t 
above the major horizons. Polythene sheeting l e d the water from the i n t e r -
f l o w zones i n t o c o l l e c t i n g b o t t l e s . The method worked w e l l f o r pathways 
1, 2 and 3 i n which water was moving i n the saturated phase. However, 
pathway 4, where the water percolated downslope i n the unsaturated phase, 
was less s u c c e s s f u l l y monitored by t h i s technique. 
6.2. S p a t i a l v a r i a t i o n i n i n t e r f l o w discharges 
The volumes o f flow recorded f o r each o f the i n t e r c e p t i o n p o i n t s 
f o r one year are presented i n Table 6.1 and Figure 6.5. These are the 
minimum q u a n t i t i e s o f discharge, f o r reasons discussed i n Section 3.2.4, 
the a c t u a l q u a n i t i t e s being appreciably higher than shown. The warning 
o f Atkinson (1978), t h a t the c o n s t r u c t i o n o f a p i t increases the flow o f 
water because o f the formation o f a saturated wedge upslope, must also be 
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Table 6.1. Discharge o f i n t e r f l o w recorded f o r the period 14/2/77 
to 13/2/73 
Location Depth Pathway (cm) type 
No. weeks No.v/eeks T o t a l 
i n t e r f l o w capacity volume Mean 
recorded^ exceeded (ml) 
Standard 
d e v i a t i o n 
Gl 32 1 29 15 20986 724 473 
G2 33 2 23 4 6636 289 281 
G2 100 2? 5 4 4609 923 456 
G3 85 2 39 6 10195 261 236 
G4 51 3 13 2 6588 507 447 
G4 77 3 23 10 19491 848 446 
G4 92 2 43 32 40066 932 407 
31 85 2 22 8 10419 474 345 
32 90 2 2 0 377 189 103 
F l 30 2 19 3 3988 210 237 
F2 72 2 15 2 5955 397 349 
F4 53 2 23 7 14171 616 395 
F4 76 4 15 3 6212 414 331 
F4 109 2? 14 0 7011 500 363 
Per metre contour length 
Includes only weeks when flow was greater than 10 ml 
No i n t e r f l o w was recorded a t B3, F3, F5. 
borne i n mind. As w e l l as presenting the t o t a l volume o f flow , Table 6.1 
includes a column t o i n d i c a t e from which pathway type the discharge came. 
Table 6.1 also presents i n f o r m a t i o n on the number o f weeks when the c a p a c i t y 
o f the c o l l e c t i n g b o t t l e was exceeded, which can be compared w i t h the number 
of weeks when i n t e r f l o w was recorded. Discharge i n the grassland exceeded 
the b o t t l e capacity on more than h a l f the occasions a t s i t e s Gl and G4 
a t the top and bottom o f the slope; t h e r e f o r e discharge volumes were much 
higher than those recorded. At the r e s t o f the s i t e s the t o t a l volume 
recorded i s c l o s e r t o the a c t u a l amounts discharged. 
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6.2.1. S p a t i a l v a r i a t i o n between transects 
I n t e r f l o w was recorded a t f o u r monitoring s i t e s i n the grassland, 
two i n the bracken and three i n the f o r e s t . No i n t e r f l o w occurred a t 
one o f the bracken s i t e s and two i n the f o r e s t . V/ithin the monitoring 
s i t e s , i n t e r f l o w was measured a t seven p o i n t s i n the s o i l i n the grass-
land, two i n the bracken and f i v e i n the f o r e s t . 
The g r e a t e s t t o t a l discharge was generated i n the grassland (109 1) 
while' the volumes recorded i n the f o r e s t (37 1) and b r a c k e n ( l l 1) were 
considerably lower (Table 6.1). Frequency o f occurrence and discharge 
volume per storm event were also g r e a t e s t t h e r e . These r e s u l t s c o n t r a s t 
w i t h the l i t t e r f l o w data, i n which the maximum discharges were generated 
i n the f o r e s t . However, t h i s i s c o n s i s t e n t w i t h the suggestion i n 
A c t i o n 5.2.1 t h a t the r e t e n t i o n o f the grass t u r f i s lov/, leading t o 
greater i n f i l t r a t i o n and higher i n t e r f l o w i n comparison w i t h the f o r e s t . 
The i n f l u e n c e o f vegetation on i n t e r f l o w occurrence and discharge 
appears t o be c r i t i c a l . F i r s t l y , vegetation modifies the s o i l c o n d i t i o n s . 
The mechanical a c t i o n o f t r e e roots and bracken rhizomes breaks through 
the f r a g i p a n , i n c r e a s i n g i t s p e r m e a b i l i t y (Ternan and Williams, 1979). 
This would account f o r the lower number of s i t e s i n the bracken and f o r e s t 
t r a n s e c t s a t which i n t e r f l o w was recorded compared w i t h the grassland, 
despite the existence o f s i m i l a r s o i l types (Figure 2.4), 
I n t e r f l o w has p r e v i o u s l y been stu d i e d i n f o r e s t e d or p a r t i a l l y 
f o r e s t e d areas by several workers (Tsukamota, 1961; Whipkey, 1965; 
1967; Ragan, 1968) and the e a r l y experiments by Hewlett and Hibbert (1963) 
were also conducted beneath woodland, l^/hipkey (1965) stressed the impor-
tance of channels formed by t r e e r o o t s . These create channels and 
f i s s u r e s i n the s o i l , v/hich not only conduct pipe flow but also increase 
the saturated p e r m e a b i l i t y o f the s o i l . I n a d d i t i o n , e v a p o t r a n s p i r a t i o n 
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by the trees reduces the s o i l moisture content, leading t o shrinkage 
cracks which f a c i l i t a t e subsequent water movement. Patterns of i n t e r f l o w 
i n the f o r e s t may thus be i n c o n t r a s t t o those i n the grassland. I n t h i s 
i n v e s t i g a t i o n the presence o f t r e e r o o t s reduced the occurrence o f i n t e r -
f l o w by increasing the p e r m e a b i l i t y o f the indurated l a y e r . For example 
no flow was recorded a t s i t e s F3 and F5. S i m i l a r l y no flow was recorded 
from e i t h e r the bracken rhizomes or decaying r o o t channels, but flow was 
monitored coming from large t r e e r o o t s . 
A r n e t t (1976) conducted an i n t e r f l o w study i n which he found t h a t the 
type o f v e g e t a t i o n , p a r t i c u l a r l y i t s r o o t c h a r a c t e r i s t i c s , exercised 
c o n t r o l on i n t e r f l o w discharge. I n h i s i n v e s t i g a t i o n , he considered the 
differenoes i n i n t e r f l o w discharge between one p l o t dominated by grasses 
and the other by bracken. He found t h a t 75% o f the observed v a r i a t i o n 
was r e l a t e d t o t o p s o i l / s u b s o i l p e r m e a b i l i t y d i f f e r e n c e s , p a r t o f which 
was a t t r i b u t e d t o the presence o f bracken rhizomes. A r n e t t (1974 and 
1976) recorded the l a r g e s t volumes o f i n t e r f l o w I n the bracken p l o t s , 
u n l i k e t h i s present i n v e s t i g a t i o n i n which they v/ere the l e a s t . He 
suggested t h a t the l a r g e r q u a n t i t i e s generated (approximately 20-30 1 
per m contour l e n g t h per year) compaired w i t h those i n the grassland 
( l e s s than 10 1 per m contour l e n g t h per year) were due t o the l a r g e 
f i s s u r e s produced by the decayed rhizomes. 
I n a d d i t i o n t o the p h y s i c a l e f f e c t s o f the r o o t s , the s o i l s t r u c t u r e 
may be modified by the i n c o r p o r a t i o n o f organic matter i n t o the s o i l . I f 
the s o i l s t r u c t u r e improves, the i n f i l t r a t i o n capacity w i l l be enhanced, 
r e s u l t i n g i n higher i n t e r f l o w volumes. 
Secondly, vegetation reduces the amount of s o i l moisture by i n t e r -
c e ption and e v a p o t r a n s p i r a t i o n . I n the s i t k a spruce f o r e s t 46% o f the 
r a i n was i n t e r c e p t e d , while i n the bracken, i n t e r c e p t i o n was about 50% 
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f o r the summer and 20% o v e r a l l . The f l u x o f moisture t o the r o o t s i n 
response t o water demand by e v a p o t r a n s p i r a t i o n w i l l also reduce the amount 
o f i n t e r f l o w . As w i t h i n t e r c e p t i o n , e v a p o t r a n s p i r a t i o n i s g r e a t e s t from 
the f o r e s t because the trees are more deeply rooted than e i t h e r the grass 
or bracken. Thus the amount of water a v a i l a b l e f o r i n t e r f l o w i s l e a s t i n 
the f o r e s t . 
T h i r d l y the h y d r o l o g i c a l c h a r a c t e r i s t i c s o f l e a f l i t t e r are important. 
The r e t e n t i o n capacity o f the grass t u r f i s low, r e s u l t i n g i n a large 
p r o p o r t i o n o f the r a i n f a l l i n f i l t r a t i n g the s o i l . However, the s i t k a 
spruce and bracken l i t t e r have high r e t e n t i o n c a p a c i t i e s (Section 5.2.1) 
so t h a t the amount of water i n f i l t r a t i n g i s l e s s . There may also be a 
r e l a t i o n s h i p between the incidence o f l i t t e r f l o w and frequency of i n t e r -
f l o w . I n the grassland and i n the f o r e s t the maximtim frequency and 
volume of i n t e r f l o w and l i t t e r f l o w occurred at the same p i t s (G4 and F4 
r e s p e c t i v e l y ) . S i m i l a r l y no i n t e r f l o w was recorded a t s i t e s i n the 
f o r e s t w i t h the l e a s t l i t t e r f l o w frequency and volume (F3 and F5, Tables 
5.1 and 6.1). U n t i l the r e l a t i o n s h i p between l i t t e r f l o w r e t e n t i o n and 
i n f i l t r a t i o n i s known, i t i s not possible t o comment on t h i s r e s u l t . 
Consideration of the type of v e g e t a t i o n i s t h e r e f o r e fundamental i n 
e x p l a i n i n g the v a r i a t i o n i n i n t e r f l o w discharge. 
6.2.2. S p a t i a l v a r i a t i o n w i t h i n t r a n s e c t s 
Grassland: The g r e a t e s t f l o w i n the grassland was recorded a t 
monitoring s i t e G4 (66 1) a t the base o f the slope and the l e a s t from the 
mid-slope l o c a t i o n s (10 1, Table 6.1; Figure 6.5). Maximum discharge was 
generated there, j u s t as f o r l i t t e r f l o w , because o f the increased catchment 
area a t the bottom o f the slope. S u b s t a n t i a l q u a n t i t i e s o f i n t e r f l o w (21 1) 
also occurred a t the top o f the slope, Gl, due to the impermeable nature 
o f the i r o n pan. 
195 
The maximum discharge i n the grassland was monitored a t a p o i n t 92 cm 
deep i n p i t G4, j u s t above the t e x t u r a l break. This i s an example o f 
pathway 2 flow (Figure 6.2). Flow occurred there d u r i n g 43 weeks (Figure 
3.15) and the capacity o f the c o l l e c t i n g b o t t l e was exceeded on 32 occasions 
During the w i n t e r t h i s pathway (type 2) flowed almost continuously and 
the discharges were about 5 1/hour. 
F i f t e e n cm above t h i s l e v e l (pathway 3) i n the p r o f i l e , flow was 
recorded f o r 23 weeks, while a t 40 cm above, discharge was observed f o r 
only 13 weeks. This behaviour o f s o i l water s a t u r a t i n g upwards, i s an 
example of pathway 3 flow (Figure 6.3). The q u a n t i t y o f discharge 
measured i n t h i s zone was probably close t o the t r u e amount o f i n t e r f l o w 
as the sampling b o t t l e s were r a r e l y f i l l e d . 
Water a t 01, 32 cm depth flowed above the i r o n pan and provides an 
example o f pathway 1 discharge (Figure 6.1). Flow recorded a t t h i s s i t e 
was considerably lower than the measured discharge because the c o l l e c t o r s 
overflowed on more than h a l f the occasions. A d d i t i o n a l l y , because the 
f l o w was monitored a t a s i t e j u s t downslope from a d i t c h on the moorland 
boundary, t h i s discharge was considerably lower than might be expected 
from a pathway 1 on the plateau. Flow rates measured a t monitoring s i t e s 
on the moorland were up t o 180 1/hr. Regular monitoring a t these s i t e s 
was not possible because of waterlogging problems encountered t h e r e . 
Bracken: Discharge volumes generated i n the bracken transect were 
i n s i g n i f i c a n t (11 1, Table 6.1). The g r e a t e s t flow was recorded a t the 
top o f the slope ( B l ) , no f l o w was monitored a t the base o f the slope and 
only 377 ml was measured a t B2, midslope. The i n t e r f l o w a t Bl i s an 
example o f pathway 2 type and occurred a t 85 cm depth. The discharge, 
11 1, i s comparable w i t h s i m i l a r pathways a t top or mid-slope l o c a t i o n s . 
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Lack o f i n t e r f l o w a t other bracken s i t e s may be due t o the e f f e c t 
o f the bracken. The rhizomes may have opened up routes t o lower hor i z o n s , 
but t h i s seems u n l i k e l y because the roots were only 70 cm deep. A l t e r n a -
t i v e l y the l e a f l i t t e r c h a r a c t e r i s t i c s may have i n f l u e n c e d the f l o w path-
ways. The high r e t e n t i o n capacity o f the bracken l i t t e r has been discussed 
above, A t h i r d possible reason i s t h a t the s o i l c o n d i t i o n s were not 
conducive t o i n t e r f l o w . There was evidence o f s o i l movement a t the base 
o f slope (B3) which may have a l t e r e d the h y d r o l o g i c a l c h a r a c t e r i s t i c s 
there, w h i l s t midslope (B2) there was an unexhumed b l o c k f i e l d . 
Forest: I n the f o r e s t t r a n s e c t the most important p o i n t o f f l o w i n 
terms o f both frequency and discharge occurred mid-slope a t F4 (Figure 3.4). 
S m a l l amounts o f flow were also recorded a t the top o f the slope (4 1 
at F l and 6 1 a t F2, Table 6.1). A l l these p o i n t s o f flow were examples 
o f pathway 2 f l o w . No flow was recorded a t F3, mid-slope or F5 a t the 
base o f slope (Figure 3.4), probably as a r e s u l t o f the mechanical a c t i o n 
o f r o o t s described above. 
At F4, measurable flow was observed on 23 weeks a t 53 cm (Figure 3.15), 
Below t h i s l e v e l the p r o f i l e was moderately indurated, thus discharge a t 
F4, 76 cm depth represented an example o f pathway 4. Flow a t 109 cm 
depth may also be a pathway 4 type. Examination o f the p r o f i l e , however, 
suggested t h a t i t was more l i k e l y t o be a pathway 2 because o f the lack o f 
f i n e s a t t h i s depth (109 cm). Water from pathway 4 moved down to the 
second t e x t u r a l break i n the p r o f i l e and then water was d e f l e c t e d l a t e r a l l y . 
The lower frequency and volumes o f f l o w a t these lower horizons i s i n d i c a t e d 
i n Table 6.1. 
I n t e r f l o w occurrence i n the f o r e s t was thus h i g h l y v a r i a b l e through 
time (Figure 3.15) and space (Figure 6.5). W h i l s t the i n f l u e n c e o f 
vegetation i s important, the e f f e c t o f topographical f a c t o r s and s o i l 
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c o n d i t i o n s must also be considered. 
6.2.3. Factors a f f e c t i n g s p a t i a l v a r i a t i o n i n i n t e r f l o w discharge 
From the above r e s u l t s there appear to be three c o n t r o l s on i n t e r -
f l o w discharge: the type of vegetation present, topographical f a c t o r s 
and s o i l c o n d i t i o n s . Vegetation modifies the s o i l c o n d i t i o n s , reduces 
the amount o f s o i l moisture a v a i l a b l e and r e t a i n s water i n the l e a f l i t t e r 
as explained above. Topographical f a c t o r s such as slope length and slope 
angle may a f f e c t the catchment area f o r each i n t e r f l o w p o i n t as w e l l as 
the a b i l i t y o f the slope t o shed water, j u s t as they i n f l u e n c e l i t t e r f l o w 
( Sbction 5.2.1). 
S o i l c o n d i t i o n s : The most important d i r e c t c o n t r o l on i n t e r f l o w i s 
the physical c o n d i t i o n o f the s o i l . The p e r m e a b i l i t y , the bulk d e n s i t y 
and hence the degree o f impedance t o v e r t i c a l water movement o f each s o i l 
horizon determine the occurrence o f i n t e r f l o w . Given a t e x t u r a l discon-
t i n u i t y s u i t a b l e f o r i n t e r f l o w , there i s a v i t a l d i s t i n c t i o n t o be drawn 
as to whether the c r i t i c a l l a y e r (V/hipkey and Kirkby, 1978) i s a f r a g i p a n 
or i r o n pan. From the discussion above on h y d r o l o g i c a l c h a r a c t e r i s t i c s 
and i n t e r f l o w pathways, the g r e a t e s t discharge takes place on the moorland 
plateau where the s o i l s have an i r o n pan. 
Depth o f f l o w i s c o n t r o l l e d e n t i r e l y by the s o i l c o n ditions and the 
depth o f the c r i t i c a l l a y e r . Considering the e n t i r e slope, there i s a 
tendeFtcy f o r the depth o f the p r i n c i p a l zone o f f l o w , defined by discharge 
volume (Table 6.1, Figure 6.5), t o increase,downslope. Thus i n the grass-
land and f o r e s t t r a n s e c t s a t the top o f the slope, the p r i n c i p a l zone i s 
a t about 30 cm depth, incre a s i n g t o 93 cm a t the base of slope. The 
bracken t r a n s e c t possesses j u s t one zone of f l o w , p o s s i b l y due to the 
s o i l movement or the e f f e c t o f bracken rhizomes on the s o i l . I n t e r f l o w 
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was monitored a t the top o f the slope (31), 85 cm depth, which was a 
much deeper l e v e l than t h a t recorded f o r e i t h e r Gl or F l . 
At Gl the f l o w was a t 32 cm depth above an i r o n pan (pathway 1, 
Figure 6,1) and downslope the p r i n c i p a l zone o f flow was a t 33 cm (pathway 
2, Figure 6.2) w i t h a deeper wet weather route a t 1 m depth (pathway 2) 
which only operates when there i s a c r i t i c a l head o f water above i t . At 
G3, flow was only recorded a t 85 cm depth (pathway 2 ) . Downslope a t G4, 
the p r i n c i p a l zone was a t 92 cm depth, pathway 3 type flow being recorded 
a t 77 and 51 cm depth (Figiire 6.3). 
Topographical f a c t o r s : W h ilst s o i l c o n d i t i o n s i n f l u e n c e the a b i l i t y 
o f a s i t e t o conduct i n t e r f l o w , topographical f a c t o r s a f f e c t the volumes 
o f water i n p u t t o a s i t e . Thus the distance from the d i v i d e t o the 
monitoring s i t e influences the i n t e r f l o w catchment, which i s i t s e l f a 
f u n c t i o n o f r a i n f a l l , assuming c o n t i n u i t y o f impermeable horizons. The 
slope angle may a f f e c t the a b i l i t y o f a s i t e t o t r a n s m i t water, and was 
included by Kirkby (1969) and A r n e t t (1974) i n t h e i r analyses of i n t e r -
f l o w discharge. 
A rank c o r r e l a t i o n analysis was c a l c u l a t e d t o determine the r e l a t i o n -
ship between t o t a l i n t e r f l o w discharge a t each p i t and the s i t e f a c t o r s , 
as f o r l i t t e r f l o w (Table 5.2). The r e s u l t s are presented i n Table 6.2. 
T o t a l annual discharge was only s i g n i f i c a n t l y c o r r e l a t e d w i t h distance 
from the d i v i d e a t each of the p i t s . This i s a s i m i l a r r e s u l t t o t h a t 
f o r l i t t e r f l o w (Table 5.2). This r e s u l t accords both w i t h t h e o r e t i c a l 
proposals (Carson and Kirkby, 1972) and f i e l d p r a c t i c e (Weyman, 1970). 
However, n e i t h e r A r n e t t (1974) nor Knapp (1974) found t h a t slope l e n g t h 
had any e f f e c t on i n t e r f l o w discharge. Both suggested t h a t l o c a l s i t e 
c o n d i t i o n s , p a r t i c u l a r l y p e r m e a b i l i t y d i f f e r e n c e s i n the s o i l were more 
important. 
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Table 6.2. Rank c o r r e l a t i o n between t o t a l 
discharge and s i t e f a c t o r s (N 
annual 
= 9) 
i n t e r f l o w 
Distance from d i v i d e 0.60 
Slope angle 0.25 
Organic matter content 0.34 
«• 
0.05 % s i g n i f i c a n c e l e v e l 
6.2.4. I n t e r f l o w discharge and hydro-meteorological c o n d i t i o n s 
I n t e r f l o w may occur i n s o i l s where there i s a decrease i n p e r m e a b i l i t y 
w i t h depth, subject to s u i t a b l e antecedent moisture and r a i n f a l l c o n d i t i o n s 
(Chorley, 1978). The r e l a t i o n s h i p was determined between i n t e r f l o w d i s -
charge a t each s i t e and the various hydro-meteorological c o n d i t i o n s 
(Table 6.3). O v e r a l l i n t e r f l o w discharge depended mainly on t o t a l 
r a i n f a l l ; antecedent moisture c o n d i t i o n s and r a i n f a l l i n t e n s i t y were 
less important. Discharge was most s i g n i f i c a n t l y c o r r e l a t e d w i t h t o t a l 
* 
weekly p r e c i p i t a t i o n a t seven s i t e s , i n c l u d i n g the major zones o f f l o w 
i n the bracken ( B l , 85 cm depth) and the f o r e s t (F4, 53 cm depth, Table 
6.3). This r e s u l t i s s i m i l a r t o the one reported by A r n e t t (1974) who 
found t h a t i n t e r f l o w volumes i n h i s bracken p l o t were dependent on t o t a l 
antecedent r a i n f a l l . 
Discharge was most s i g n i f i c a n t l y c o r r e l a t e d w i t h maximum d a i l y 
r a i n f a l l a t a f u r t h e r f o u r s i t e s , i n c l u d i n g the major zones o f f l o w i n 
the grassland ( G l , 32 cm depth and G4, 92 cm depth, Table 6.3). At these 
two p o i n t s , meiximum d a i l y r a i n f a l l accoxints f o r more than 50% of the 
variance i n discharge. The s o i l horizons are not permeable j u s t below 
these zones of flo w , so t h a t the i n t e r f l o w responds immediately t o each 
storm, 
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Table 6,3 The c o r r e l a t i o n s between i n t e r f l o w discharge and 
hydro-meteorological c o n d i t i o n s a t each s i t e 
Location Depth 
W.Tot M.D.T. 2 h r , I n t . N 
(Figure 3.4) cm. 
Gl 32 0.71 
«•-» 
0.55 0.75 0.52 29 
G2 33 0.21 0.32 0.22 0.31 23 
G2 100 0.87 0.28 0.46 0.29 7 
G3 85 
*** 
0.68 0.53 
** 
0.63 
** 
0.58 39 
G4 51 • 0.84 0.57 0.62 0.39 13 
G4 77 0.80 
** 
0.60 0.65 
«« 
0,63 23 
04 92 
*** 
0.80 
**• 
0.74 
*** 0.87 • * 0.60 43 
Bl 85 
** 
0,70 
«* 
0,46 
** 
0.61 0.51 22 
F l 30 0.16 0.12 0.41 0,28 19 
F2 72 0.46 0.31 
** 
0.64 0,46 15 
F4 53 0.57 0.51 
» • 
0.51 
» • 
0.51 23 
F4 76 0.59 0.39 0.70 0.62 15 
F4 109 0.53 0,34 0.44 0.42 14 
*** 
0,001 s i g n i f i c a n c e .level W.Tot. Tot a l p r e c i p i t a t i o n f o r week 
** 
0.01 s i g n i f i c a n c e l e v e l Antecedent p r e c i p i t a t i o n index 
0.05 s i g n i f i c a n c e l e v e l M.D.T. Maximum d a i l y t o t a l 
2 h r . I n t . Maximum 2 hour i n t e n s i t y 
l ^ i l s t discharge was s i g n i f i c a n t l y r e l a t e d t o antecedent p r e c i p i t a t i o n 
and the maximum 2 hour i n t e n s i t y o f the storm a t seven and eight m o n i t o r i n g 
p o i n t s r e s p e c t i v e l y , n e i t h e r o f these v a r i a b l e s was the most s i g n i f i c a n t . 
However, A r n e t t (1974) reported t h a t i n t e r f l o w volumes i n h i s grassland 
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p l o t were most s i g n i f i c a n t l y r e l a t e d t o i n t e n s i t y , which c o n t r a s t s w i t h 
the r e s u l t f o r the Narrator Brook. 
O v e r a l l , the r a i n f a l l v a r i a b l e s are most important i n e x p l a i n i n g 
temporal v a r i a t i o n s i n the i n t e r f l o w p a t t e r n , j u s t as they were f o r 
l i t t e r f l o w (Section 5,2.2). Following A m e t t (1974) changes i n s o i l 
p e r m e a b i l i t y through the year could p o s s i b l y have been taken i n t o account 
t o e x p l a i n more o f the variance i n i n t e r f l o w discharge. 
6.2.5. Summary and h i l l s l o p e h y d r o l o g i c a l model 
I n summary, f o u r types o f i n t e r f l o w pathway were i d e n t i f i e d as 
operating i n the Narrator catchment. They have been i n t e g r a t e d i n t o one 
o v e r a l l h y d r o l o g i c a l model which i s found a t the h i l l s l o p e scale but 
not a t the p o i n t scale (Williams, Ternan and Kent, 19833; Figure 6.6). 
On the moorland plateau, the i r o n pan o f the stagnopodzol s o i l presents 
an impermeable l a y e r , r e s u l t i n g i n saturated s o i l c o n d i t i o n s f o r much 
of the year. Large q u a n t i t i e s o f water are moved l a t e r a l l y along path-
way 1 i n each storm. This has a g r e a t e f f e c t on the weathering and s o i l 
processes o c c u r r i n g above the i r o n pan, as discussed below (Section 9.4), 
as w e l l as on the hydrology o f the area. Pathway 1, on the plateau, 
together w i t h overland flow r e s u l t i n g from s a t u r a t i o n t o the surface, 
feeds the t r i b u t a r i e s and accounts f o r the r a p i d response of the N a r r a t o r 
Brook. 
The steeper s l o p i n g h i l l s i d e , which i s where the brown podzolic s o i l s 
occur, i s very w e l l drained i n comparison t o the s o i l s on the moorland 
plateau. The major zone o f flow i s along pathway 2. At the upper p a r t 
of the slope the thickness o f the saturated water l a y e r i s small because 
the only source o f water i s t h a t p e r c o l a t i n g through the s o i l . However, 
f u r t h e r downslope where a d d i t i o n a l water i s being supplied from upslope. 
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the saturated l a y e r , pathway 3, increases i n thickness. Pathway 4 i s 
c o n t r o l l e d by the s i z e o f pores and the head o f water above i t and i s 
t h e r e f o r e dependent on i t s p o s i t i o n on the slope as w e l l as hydro-
meteorological c o n d i t i o n s . Evidence from several p i t s also suggests 
t h a t when pathway 4 i s saturated and a s u f f i c i e n t head o f water has b u i l t 
up above the f r a g i p a n , water moves down through the f r a g i p a n u n t i l a 
deeper horizon o f decreased p e r m e a b i l i t y i s encountered (Figure 6.6). 
Because o f t h i s , the p a t t e r n o f flow a t the i n d i v i d u a l p i t or p o i n t scale 
i s very complex and c o n t r o l l e d by the s o i l c o n d i t i o n s and the h y d r a u l i c 
gradients operating a t t h a t s i t e . D i f f e r e n t i n t e r f l o w pathways operate 
at various times, pathways 1 and 2 being the most p e r s i s t e n t . 
Perhaps the most important c o n t r o l on i n t e r f l o w i s exercised by 
vegetation. One o f the most i n t e r e s t i n g r e s u l t s t o emerge i n t h i s s e c t i o n 
i s the manner i n which deeply rooted vegetation such as trees or bracken 
can a l t e r the s o i l c o n d i t i o n s so t h a t the occurrence o f i n t e r f l o w i s very 
low or zero. The h y d r o l o g i c a l c h a r a c t e r i s t i c s o f l e a f l i t t e r are also 
important. V/here the r e t e n t i o n capacity o f the l i t t e r was g r e a t e s t , 
i n t e r f l o w discharge was l e a s t . I t may be deduced from t h i s t h a t the 
s p a t i a l v a r i a t i o n i n i n t e r f l o w discharge depends ^mainly on the e f f e c t o f 
vegetation. 
The temporal v a r i a t i o n i s l a r g e l y due t o r a i n f a l l v a r i a b l e s , although 
changes i n p e r m e a b i l i t y through time may also be important. V/here the 
indurated l a y e r i s r e l a t i v e l y impermeable, discharge i s determined by the 
t o t a l d a i l y r a i n f a l l . However, where the p e r m e a b i l i t y i s higher, the 
amount o f moisture i n the s o i l also a f f e c t s discharge, since i t depends 
mainly on the weekly r a i n f a l l t o t a l . As the various i n t e r f l o w pathways 
operate or cease, so each w i l l have a gr e a t i n f l u e n c e on the stream 
chemistry. 
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6,3. Chemical q u a l i t y o f i n t e r f l o w 
Subsurface water moving l a t e r a l l y downslope acquires s o l u t e s from t h e 
s o i l minerals w i t h which i t comes i n t o contact. The water has i n f i l t r a t e d 
through the decomposing l e a f l i t t e r a t the surface and then through the 
upper s o i l horizons, gaining carbon dioxide from enzymic o x i d a t i o n p ro-
cesses and r o o t r e s p i r a t i o n (Surges, 1958; Russell, 1973). Carbonic a c i d 
i s formed, which w i l l enhance the weathering o f s o i l minerals. I n t e r f l o w 
i s t h e r e f o r e important f o r t r a n s p o r t i n g chemical reactants t o weathering 
s i t e s and removing weathering products. The solutes may be e i t h e r 
p r e c i p i t a t e d elsewhere i n the s o i l , c a r r i e d t o the groundwater body or 
discharged i n t o the stream. Thus the study o f the chemical c h a r a c t e r i s t i c s 
o f i n t e r f l o w i s fundamental t o an understanding o f the processes concerned 
w i t h the dissolved load o f a stream, where i n t e r f l o w i s the main r u n o f f 
component. I n a d d i t i o n t o i t s hydro-chemical s i g n i f i c a n c e , i n t e r f l o w 
chemistry i s important geomorph?>logically. The removal o f solutes from 
the s o i l i s dominant i n temperate areas, the s o i l being the zone o f maximum 
weathering (Dixon and Weed, 1977). Therefore, i n these areas h i l l s l o p e 
s o l u t i o n a l losses exceed a l l the other erosion and mechanical weathering 
losses combined (Carson and Kirkby, 1972). 
The chemical q u a l i t y o f i n t e r f l o w depends on both the weathering 
environment and the i n t e r f l o w pathway. The former c o n s i s t s not only o f 
the s o i l minerals which are present, w i t h t h e i r c h a r a c t e r i s t i c s t a b i l i t y , 
s o l u b i l i t y and r a t e s o f r e a c t i o n , but also depends on the pH and Eh o f 
the s o i l . I n a d d i t i o n , the i n t e r f l o w c h a r a c t e r i s t i c s are equally important 
since they a f f e c t the r a t e o f supply o f reactants and the removal o f the 
[products from the weathering s i t e s . The type and nature o f the i n t e r -
f l o w pathway must also be d i s t i n g u i s h e d : the d i s t i n c t i o n between s a t u r a t e d 
and unsaturated flow i s fundamental. Unsaturated flow may be very slow or 
2 0 4 
almost s t a t i c i n micropores, i n co n t r a s t t o saturated f l o w which may take 
place r a p i d l y through m.^ropores, a t v e l o c i t i e s o f up t o 20 cm/hr (V/hipkey, 
1965). The r a t e o f water movement may also determine the type o f 
weathering (Breeman and Brinkman, 1976), as exemplified by Williams and 
Vieyman (1980) f o r g r a n i t e and limestone areas. V/here the r a t e of water 
movement i s high, such as occurs on the f l a n k s o f h i l l s , the weathering 
environment i s d i s t i n c t from t h a t found i n the v a l l e y bottom, v/here the 
r a t e o f movement i s much slower. This r a t e c o n t r o l s the residence time 
and t h e r e f o r e the opp o r t u n i t y and len g t h o f time f o r mineral-water contact. 
As the residence time increases, so the i n t e r f l o w c oncentration approaches 
or may reach p a r t i a l e q u i l i b r i u m . The s o i l water residence time and the 
i n t e r f l o w pathway followed su^ e r e l a t e d t o r a i n f a l l c h a r a c t e r i s t i c s , 
p a r t i c u l a r l y frequency and i n t e n s i t y . V/hen storms are frequent and 
intense the displacement o f e x i s t i n g water or the f l u s h i n g out o f s o i l 
pore water i s much greater than where storms are only p e r i o d i c . 
During a storm, i n t e r f l o w reaching the stream consists o f 
water w i t h v a rying residence times. Most o f the i n t e r f l o w near the base 
of the slope i s forced i n t o the stream by recent r a i n f a l l by means o f a 
displacement process (Hewlett and Hibbert, 1967). This water may have 
had a long residence time. Some o f the r e c e n t l y a r r i v e d r a i n f a l l i n g near 
the stream, however, may flow a t a shallow depth and r a p i d l y enter the 
channel. Such a discharge w i l l have had only a short residence time. 
The chemistry v a r i e s according t o the f l u s h i n g o f solutes from s o i l pores 
and any d i l u t i o n t a k i n g place. 
Following the storm, i n t e r f l o w may su s t a i n baseflow (Hewlett and 
Hibbert, 1963; Weyman, 1970) and t h e r e f o r e the stream i s supplied by 
water which has had a long residence time. For a comprehensive under-
standing o f stream chemistry, then, i t i s e s s e n t i a l t o obt a i n samples o f 
2 0 5 
i n t e r f l o w water from the various pathways which come i n t o operation 
during a storm and not j u s t those o f the unsaturated phase. Most st u d i e s 
o f s o i l water chemistry r e l y on porous cup samplers which o b t a i n water 
held a t a tension o f up to 0.8 bars ( V e r s t r a t e n , 1980, Section 3,2.5); 
few d i r e c t s tudies on i n t e r f l o w chemistry have been c a r r i e d out. Two 
exceptions are Burt (1979) and Foster (1979), the l a t t e r using f i e l d 
d rains as a means o f c o l l e c t i n g f r e e f l o w i n g water. The analysis o f such 
water i s c e n t r a l t o an understanding o f stream water chemistry (Chapter 8) 
6.3.1. I n t e r f l o w chemistry 
The annual mean and mean weighted concentrations were c a l c u l a t e d f o r 
the fourteen i n t e r f l o w i n t e r c e p t i o n p o i n t s (Table 6.4). The r e s u l t s are 
o f the same order as those from l i t t e r f l o w chemistry (Table 5.4) but pH 
i s always higher, showing t h a t hydrogen has been exchanged f o r c a t i o n s . 
Using c o n d u c t i v i t y as an o v e r a l l expression o f the sol u t e concen-
t r a t i o n , the highest occurred i n the f o r e s t , the lowest i n the grassland, 
w i t h the bracken s i t e being intermediate (Table 6.4a), These r e s u l t s are 
si m i l s i r t o those from l i t t e r f l o w ( s e c t i o n 5.3.1). I n the bracken i n t e r -
f l o w , none o f the high concentrations noted f o r l i t t e r f l o w during the 
autumn occurred, the maximum c o n d u c t i v i t y being 156 ^mhos cm ^. Possible 
reasons f o r t h i s are discussed below ( s e c t i o n 6.3.2). 
Table 6.4b presents the weighted mean concentrations. With regard 
t o c o n d u c t i v i t y , the highest s o l u t e concentrations occurred i n the f o r e s t . 
S i t e s a t the top o f the f o r e s t ( F l and F2, Figure 3.'4) had sodium and 
c h l o r i d e concentrations twice those i n the grassland. The p a t t e r n f o r 
potassium concentrations i s more complicated, w i t h the highest being 
16.4 mg l'*^ a t F l , 30 cm depth and 5.50 mg l""*" a t G4, 51 cm depth. This 
suggests t h a t the potassium concentration i s a f u n c t i o n o f both vegetation 
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Table 6.4. Summary s t a t i s t i c s f o r i n t e r f l o w chemistry 14/2/77 to 13/2/78 
(S.E.C, i n ^ mhos cm~^ a t 25°C, a l l other ions except pH i n mg l""^) 
a) A r i t h m e t i c Means and Standard Deviations 
S i t e Depth S.E.C. 
(cm) X o-
pH Na Ca Mg SiO. CI 
01 
02 
02 
03 
04 
04 
04 
81 
B2 
F l 
F2 
F4 
F4 
F4 
32 
33 
100 
85 
51 
77 
92 
85 
90 
30 
72 
53 
76 
109 
75.0 
95.4 
155.7 
68.7 
81.7 
68.6 
54.1 
111.6 
66.9 
234.4 
193.1 
82.0 
93.1 
116.7 
37.8 
46.4 
50.8 
15.7 
40.0 
60.8 
48.0 
57.2 
9.1 
96.1 
52.7 
36.3 
42,7 
36.1 
4.52 
4.85 
5.42 
5.19 
4.82 
5.00 
5.31 
4.82 
5.03 
4.31 
4.15 
4.18 
4.47 
4.34 
0.35 
0.19 
0.57 
0.22 
0.20 
0.17 
0.16 
14 
21 
26 
24 
0.49 
0.36 
0.40 
6.33 
6.20 
6.18 
6.37 
5.95 
5.30 
5.23 
7.67 
5.85 
10.04 
10.38 
5.46 
5.77 
6.49 
2.29 
2.21 
0.95 
1.50 
0.98 
1.32 
1.26 
85 
35 
88 
58 
94 
43 
97 
3.97 
3.44 
1.46 
0.72 
5.77 
3.73 
1.80 
2.66 
0.66 
17.68 
2.52 
3.67 
2.40 
2.28 
6.31 
3.79 
0.31 
0.38 
8.60 
6.56 
4.91 
3.17 
0.35 
8.82 
2.10 
2.46 
1.98 
2.08 
2.34 
3.82 
12.10 
4.39 
2.60 
2.16 
2.23 
3,60 
2,17 
5.53 
1.48 
1.29 
1.60 
2.09 
1.94 
3.48 
6.33 
1.63 
1.19 
1,04 
1.18 
1.96 
0.02 
4.55 
1.58 
1.01 
1.32 
1,83 
1.14 
1.15 
3.22 
1.01 
1.00 
0.77 
0.64 
1.23 
1.27 
2.07 
1.67 
0.77 
0.71 
0.78 
0,50 
0.56 
1.37 
0,22 
0.45 
0.48 
0.38 
0.58 
0.07 
1.26 
0.82 
0.45 
0.39 
0,51 
1.25 
1.56 
1.50 
1.97 
2,12 
1.45 
1.65 
2.14 
1.60 
3.06 
7.52 
3.03 
4.68 
5.73 
0.71 
0.41 
0.15 
0.53 
1.09 
0.51 
0.41 
1.71 
0,11 
2.65 
2.25 
1.54 
1.84 
1.98 
9,49 
9,64 
8.84 
9.00 
9.34 
8.16 
7.63 
11,91 
11.40 
17.74 
20.36 
8,50 
10.21 
9.88 
3.63 
3.48 
0.60 
2.68 
1,95 
1.92 
2,33 
2.50 
0.20 
8.15 
10.06 
11 
35 
56 
29 
23 
7 
39 
13 
23 
43 
22 
2 
19 
15 
23 
15 
14 
b) Weighted Means 
S i t e Depth PH Na K Oa Mg SiO^ 01 
01 32 4.50 5.33 3.72 1.35 0.95 1.33 8,22 
02 33 4.90 5.12 4.97 3.00 0.96 1.40 6.58 
02 100 5.42 6.35 1.52 13.30 3.54 1.49 8.96 
03 85 5.10 6.21 1.23 4,27 0.98 2.08 8,73 
04 51 4.82 5.54 5.50 2.66 1.00 2,36 8.52 
04 77 4.95 4.91 1.83 1.94 0.63 1,44 7.68 
04 92 5.33 4.86 0.95 2.00 0.55 1.64 6.80 
Bl 85 4.74 7.12 2.29 3.66 1.19 2.44 11.37 
B2 90 5.21 6.04 0.85 2.18 1.31 1.66 11.51 
F l 30 4.41 9.13 16.42 4.34 1.81 3.01 15,47 
F2 72 4.17 9.19 9.94 2.22 1.64 7.48 22.07 
F4 53 4.13 5.76 3.71 1,31 0.70 2.61 8.78 
F4 76 4.42 5.47 2.18 1.47 0.72 4.18 10.12 
F4 109 4.36 6.11 1.64 1.66 0.67 5.88 9.57 
type and depth o f flow (Section 6.3.2). The calcium and magnesiiim concen-
t r a t i o n s were highest i n the grassland a t s i t e G2 100 cm depth and lowest 
i n the f o r e s t a t F4, 76 cm depth (Table 6.4). S i t e G2, 100 cm only flowed 
f o r seven weeks, and these high concentrations can t h e r e f o r e be a t t r i b u t e d 
t o i n f r e q u e n t f l u s h i n g o f s o l u t e s . 
The concentrations o f solutes i n i n t e r f l o w are less than those i n 
l i t t e r f l o v / (Tables 5.4 and 6.4). S i m i l a r l y , the c o e f f i c i e n t o f v a r i a t i o n 
f o r i n t e r f l o w i s much lower than f o r l i t t e r f l o w . This may be due t o c a t i o n 
exchange and n u t r i e n t uptake processes oc c u r r i n g i n the s o i l . However, 
the c o e f f i c i e n t o f vsuriation f o r potassium i s about 200% i n the grassland. 
This l e v e l o f v a r i a t i o n may be the r e s u l t o f the high l e v e l s i n summer 
c o i n c i d i n g w i t h low discharge volumes. 
The i o n i c composition o f the i n t e r f l o w s i t e s i s presented i n Table 
6.5. The ions are Na"*" >Ca"*""^ >Mg"*'"> K"^  > H'*'in order o f importance i n the 
grassland and bracken, but Na"^  >Ca'^>K'^> Mg'^^H^in the f o r e s t . Sodium 
i s once more dominant, calcium has become more important and potassium 
has declined i n s i g n i f i c a n c e . These r e s u l t s w i l l be discussed i n more 
d e t a i l below (Section 6.3.2). 
6.3.2. S p a t i a l v a r i a t i o n s i n i n t e r f l o w chemistry 
a. Between transects 
I n t e r f l o w chemistry a t a p o i n t i s determined by the chemical 
c h a r a c t e r i s t i c s acquired a t e a r l i e r p o i n t s i n the h y d r o l o g i c a l cycle as 
w e l l as by the weathering environment and type o f pathway. Thus i n t e r f l o w 
chemistry w i l l depend p a r t l y on the l i t t e r f l o w chemistry. S i m i l a r l y , the 
occurrence and volume o f discharge may be associated w i t h the type o f 
vegetation. This may t h e r e f o r e exercise v i t a l c o n t r o l over i n t e r f l o w 
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Table 6.5, I n t e r f l o w chemistry. weighted mean concentrations i n 
m. e. 14/2/77 t o 13/2/78 
S i t e Depth H Na K Ca Mg SiO^ 01 
01 32 0.03 0.23 0.10 0,07 0.07 0.02 0.23 
02 33 0.01 0.22 0.13 0,15 0.07 0.02 0.19 
G2 100 0.00 0.28 0,12 0.67 0.27 0.02 0.25 
03 85 0.01 0,27 0.03 0.21 0.07 0.03 0.25 
04 51 0.02 0.24 0.14 0.13 0.07 0.04 0,24 
04 77 0.01 0.21 0.05 0.10 0.05 0.02 0,22 
04 92 0.01 0.21 0.02 0.10 0.04 0,03 0,19 
Bl 85 0.02 0.31 0.06 0.18 0,09 0.04 0,32 
B2 90 0.01 0.26 0.02 0,11 0,10 0.03 0.32 
F l 30 0.04 0,40 0.42 0.22 0.14 0.05 0.44 
F2 72 0.68 0,40 0,25 0.11 0.13 0.12 0.62 
F4 53 0.04 0,24 0.06 0.07 0.06 0.07 0.29 
F4 76 0.07 0.25 0,09 0.07 0.05 0.04 0.25 
F4 109 0.04 0.27 0.04 0.08 0.05 0.10 0.27 
chemistry. To demonstrate t h i s f a c t , the weighted mean i n t e r f l o w concen-
t r a t i o n s presented i n Table 6.4 are shown diagrammatically i n Figures 6.7-6.13 
f o r an easier comparison o f r e s u l t s between t r a n s e c t s . 
Using c o n d u c t i v i t y as a measure o f the o v e r a l l s o l u t e concentration 
as before, values i n the f o r e s t ranged from 82 t o 234 ^ mhos cm ^ w i t h a 
mean o f 143 ^ ^hos cm ^; the bracken was 112 ^ mhos cm ^, and the grassland 
ranged from 54 t o 156 yjmhos cm~^ mean o f 86 ^ mhos cm ^ (Table 6.4; Figure 6.7) 
The highest s o l u t e concentrations were found i n the f o r e s t and the lowest 
i n the grassland, j u s t as f o r l i t t e r f l o w , although the range o f v6u:^iation 
i s l e ss (Section 5,3,2). 
Sodium and c h l o r i d e concentrations e x h i b i t e d a s i m i l a r p a t t e r n t o 
t h a t o f c o n d u c t i v i t y : t h a t i s , g r e a t e s t i n the f o r e s t and l e a s t i n the 
grassland (Figures 6.8 and 6.9). The maximum concentrations (9 and 22 mg 1 
r e s p e c t i v e l y a t F2) were approximately double the maximum values i n the 
grassland (6 and 9 mg 1 a t 02), although the minimum values were s i m i l a r 
t o these r e s u l t s (6 and 9 mg l'"^ at F4). 
•1 
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Since the p a t t e r n o f sodium and c h l o r i d e concentrations i s f o r e s t > 
bracken > grassland, t h i s i s a t t r i b u t a b l e t o s o l u t e c h a r a c t e r i s t i c s o f 
the previous p o i n t s o f the h y d r o l o g i c a l pathway and the process o f evapo-
t r a n s p i r a t i o n . However, c h l o r i d e and sodium behave i n d i f f e r e n t ways. 
Chloride only passes through the h y d r o l o g i c a l system passively and 
increases i n concentration as water i s l o s t through e v a p o t r a n s p i r a t i o n . 
Sodium, however, may be derived from leaching o f p l a n t s and leaves 
( A t t i w i l l , 1966) and by the weathering o f s o i l minerals or may be sub-
t r a c t e d by c a t i o n exchange. 
By comparing the sodium and c h l o r i d e r a t i o s i t i s possible t o 
speculate about these p o i n t s a t which sodium i s l o s t or gained (Table 
6.6), At three s i t e s i n the grassland (Gl, 32 cm; G4, 51 and 77 cm depth) 
the Na:Cl r a t i o i s s i m i l a r t o t h a t i n bulk p r e c i p i t a t i o n , suggesting t h a t 
these ions are only a f f e c t e d by evaporation processes. I n the f o r e s t 
there i s one s i t e at which the Na:Cl r a t i o i s greater than t h a t o f 
t h r o u g h f a l l (F2, 72 cm depth). The increase i n the c h l o r i d e concentration 
compared w i t h t h a t o f sodium may be due t o greater entrapment of c h l o r i d e 
a t the s i t e or t o loss o f sodium w i t h i n th'=' s o i l by exchange w i t h hydrogen. 
At the remaining monitoring p o i n t s there i s a decrease i n the Na:Cl r a t i o : 
t h a t i s , a gain i n sodium. The increase, due t o weathering o f t*he f e l s p a r s , 
i s s i m i l a r f o r a l l vegetation types and represents a gain o f about 11%. 
The p a t t e r n f o r the i n t e r f l o w concentrations o f potassium i s f o r e s t > 
grassland > bracken (Figure 6,10). This order d i f f e r s from t h a t observed 
f o r l i t t e r f l o w , i n t h a t bracken i s no longer intermediate (Section 5.3.2). 
Concentrations i n the f o r e s t remained the highest. The e x c e p t i o n a l l y high 
potassium concentrations a t F l and F2 compared w i t h those a t other i n t e r f l o w 
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Table 6.6. Ratio o f mean 
i n I n t e r f l o w , 
weighted 
14/2/77 
sodium and 
t o 13/2/78 
c h l o r i d e concentrations 
S i t e Depth Ratio S i t e Depth Ratio cm cm 
01 32 1.54 Bl 85 1,60 
02 33 1,28 F l 30 1,69 
02 100 1.41 F2 72 2,40 
03 85 1.40 F4 • 53 1.85 
04 51 1.54 F4 76 1.52 
04 77 1.56 F4 109 1,57 
04 92 1.40 
Bulk p r e c i p i t a t i o n 1.56 S i t k a spruce t h r o u g h f a l l 2.06 
monitoring p o i n t s i n the f o r e s t (Table 6.4), and the high l i t t e r f l o w 
concentrations a t these s i t e s (Table 5.4) suggests t h a t there i s a d i r e c t 
l i n k between the l i t t e r and the monitoring p o i n t . This may be e i t h e r a 
ro o t channel which conductsstemflow and then r o o t f l o w , or possibly i t 
may be channel formed by a decayed r o o t . The former seems more l i k e l y 
since some r o o t f l o w was observed a t F l . This may also e x p l a i n the very 
high c h l o r i d e l e v e l s a t F l and F2. The c h l o r i d e values i n stemflow are 
p a r t i c u l a r l y high ( 39 mg 1 ^) and a f t e r loss o f water t o ev a p o t r a n s p i r a t i o n 
the c h l o r i d e i n high concentration i s t r a n s f e r r e d t o i n t e r f l o w . 
With the exception o f F2, there i s a sharp decrease i n potassium 
concentrations from the surface t o the deeper horizons. This i s due t o 
the very e f f i c i e n t potassium r e c y c l i n g mechanism i n the ecosystem. 
Potassium i s e i t h e r taken up d i r e c t l y by the p l a n t r o o t s or else adsorbed 
onto c l a y c o l l o i d s f o r subsequent p l a n t use. The lower potassium l e v e l s 
a t depth combined w i t h the f a c t t h a t , f o r example, 02, 100 cm and F4, 
109 cm have s i m i l a r K concentrations (1.5 and 1,6 mg 1~^, Table 6,4) s i g n i f y 
t h a t the e f f e c t o f vegetation on i n t e r f l o w i s less marked than on l i t t e r f l o w , 
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The calcium concentration f o r i n t e r f l o w near the surface has the order 
f o r e s t > grassland, no bracken s i t e being a v a i l a b l e , w h i l s t a t depth the 
sequence i s grassland > bracken > f o r e s t (Figure 6.11). The calcium l e v e l s 
at the surface f o l l o w t h a t recorded i n l i t t e r f l o w and the order i s i d e n t i c a l 
w i t h t h a t found i n the organic matter (Table 5.6). At the surface, t h e r e f o r e 
i n t e r f l o w concentrations depend t o some extent on those o f l i t t e r f l o w . At 
about 50-90 cm depth however, a decrease i n concentration i s evident, 
p o s s i b l y as a r e s u l t o f adsorption and biomass r e c y c l i n g processes. Below 
t h i s l e v e l the concentrations r i s e . These increases, f o r example 1,9 t o 
2.0 mg l""'" a t G4, 77 and 92 cm depth, and 1.3 to 1.6 mg 1~^ a t F4, 76 t o 
109 cm depth, are p o s s i b l y due t o enhanced s o i l mineral weathering, 
(Figure 6.11; Table 6.4), The lower concentrations i n the f o r e s t compared 
w i t h the grassland may be a t t r i b u t e d t o the higher c a t i o n exchange 
c a p a c i t i e s o f the s o i l associated w i t h the high organic matter content. 
The high calcium concentration a t G2, 100 cm depth w i l l be d e a l t w i t h 
below (Chapter 9 ) . 
The order f o r the magnesium concentrations (Figure 6.12) near the 
surface i s f o r e s t > bracken > grassland and depends on the l i t t e r f l o w con-
t r i b u t i o n . The concentration decreases from the surface t o approximately 
0.6 mg 1 ^ as a r e s u l t o f r e c y c l i n g by v e g e t a t i o n . 
The s i l i c a concentrations are i n the order f o r e s t > bracken > grassland. 
The i n t e r f l o w c oncentration o f s i l i c a may be studied without the problem 
o f atmospherically derived input as discussed i n Section 5.2.1. Thus 
i t depends only on the type o f v e g e t a t i o n and i t s e f f e c t on the s o i l -
h y d r o l o g i c a l regime and weathering processes. 
The lowest o v e r a l l s i l i c a concentrations occurred i n i n t e r f l o w under 
grassland and may be associated w i t h the g r e a t e r frequency and volume o f 
i n t e r f l o w moving through the s o i l (Table 6.1; Figure 6.13). This gives 
more r e g u l a r f l u s h i n g and also reduces the contact between the moving water 
and s o i l minerals. 
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S i g n i f i c a n t l y higher concentrations were recorded i n both the f o r e s t 
and bracken transects where i n t e r f l o w occurrence was more v a r i a b l e ( s e c t i o n 
6.2). These observations agree w i t h Loughnan (1962) who s t a t e d t h a t the 
q u a n t i t y o f water leaching through the p r o f i l e i s the most important 
s i n g l e f a c t o r c o n t r o l l i n g the breakdown o f parent m a t e r i a l s and genesis 
o f secondary products. Under the bracken and f o r e s t , the amount o f water 
movement i s reduced i n comparison w i t h the grassland (Section 6.2), hence 
the higher s i l i c a concentrations o f the forest-bracken i n t e r f l o w . The 
type o f vegetation, t h e r e f o r e , acts as an important c o n t r o l on water 
movement (Section 6.2) and as an i n d i r e c t c o n t r o l on s p a t i a l v a r i a t i o n i n 
s i l i c a c oncentration. 
The explanation o f high s i l i c a concentrations i n the f o r e s t may also 
be r e l a t e d t o the chemical e f f e c t s o f vegetation. Decaying organic 
matter i s a r i c h source o f organic acids and chelates which are by-products 
o f decomposition processes. These substances f a c i l i t a t e the weathering 
o f s o i l minerals by complexing the s o i l mineral cations and t r a n s l o c a t i n g 
them down the p r o f i l e . The chelates are formed i n the upper organic 
horizons and duri n g t r a n s p o r t t o the lower horizons they pick up c a t i o n s . 
Having done so, they become less soluble and are then p r e c i p i t a t e d a t 
depth. The s i l i c a concentrations i n the f o r e s t i n t e r f l o w are high near 
the surface but lower a t depth, 
b. W i t h i n t r a n s e c t s 
Grassland: The chemical v a r i a t i o n i n i n t e r f l o w concentrations w i t h i n 
each vegetation t r a n s e c t depends on the type o f pathway i n operation 
(Section 6,1), i t s volume and frequency o f discharge, and depth o f f l o w . 
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On Figures 6.7-6.13 i n t e r f l o w s o l u t e v a r i a t i o n s a t d i f f e r i n g depths i n 
each sample p i t are shown. 
Conduc t i v i t y i n the surface horizons shows no obvious p a t t e r n i n the 
grassland, ranging from 75 /amhos cm ^ a t Gl t o 95^^hos cm ^ a t G2 (Figure 
6.7). However, there i s an i n d i c a t i o n t h a t t h i s decreases downslope a t 
deeper horizons, f o r example, from 156 )imhos cm ^ a t G2, 100 cm depth t o 
54^^mhos cm ^ a t G4, 92 cm depth. This lower s o l u t e composition i s due 
t o the greater volumes of flow and more frequent f l u s h i n g which occurs 
at the base of the slope. 
At G2, 100 cm depth flow occurred f o r j u s t 7 weeks durin g the p e r i o d 
December 1977 t o March 1978. Thus the high c o n d u c t i v i t y i s the r e s u l t o f 
i n f r e q u e n t f l u s h i n g . The change i n c o n d u c t i v i t y and i n the other ions 
through time i s i l l u s t r a t e d i n Figure 6,14. I n i t i a l l y concentrations o f 
the ions were a l l high but as i n t e r f l o w water flushed through during t h i s 
p e r i o d , the concentration o f the water decreased. For example the calcium 
concentration was i n i t i a l l y very high (24 mg 1~^) but declined to 5 mg l'"^ 
j u s t before the flow ceased. 
The i n f l u e n c e o f the pathway type and depth on the chemical composition 
o f i n t e r f l o w can be demonstrated by considering pathway 1 i n operation a t 
the top o f the slope (Gl, 32 cm depth) and pathways 2 and 3 a t the base o f 
the slope (G4, 92 cm and 77 cm depth). 
At Gl there was f l o w above the i r o n pan (pathway 1) f o r 29 weeks 
during the year, and a volume o f 21 1 was discharged d u r i n g t h i s time 
(Table 6.1). For much o f the year (22 weeks) the c o n d u c t i v i t y was between 
50-85 ^ mhos cm ^ (Figure 6.7). However, duri n g the summer, f o l l o w i n g 
periods o f dry weather, occa s i o n a l l y marked f l u c t u a t i o n s occurred r e f l e c t i n g 
the f l u s h i n g o f accumulated m a t e r i a l from the s o i l (Foster, 1979). 
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Pathway 2, flow above the f r a g i p a n a t 04, 92. cm depth, discharged 
40 1 during the year (Table 6.1), The pathway operated f o r most o f the 
year (43 weeks), being located a t the base o f the slope w i t h the l a r g e s t 
catchment area o f a l l the grassland p i t s . The lowest annual mean conduc-
t i v i t y was recorded here (54 ^ ^hos cm ^) and the range was from 40^pTihos 
cm ^ i n summer t o a 60^;jmhos cm ^ i n w i n t e r . 
Pathway 3, s a t u r a t i o n upwards from the f r a g i p a n , located 15 cm above 
pathway 2 a t 04 discharged 19 1 over a period o f 23 weeks (Table 6.1, 
Figure 3.16). The c o n d u c t i v i t y here (69 ^ imhos cm~^) was higher than t h a t 
recorded f o r pathway 2, (54 ^ h o s cm ^) and t h i s i s again explained by the 
lower frequency o f f l u s h i n g . 
When i n d i v i d u a l events are examined the importance o f the type o f 
pathway and the storm c h a r a c t e r i s t i c s are evident. During small storm 
events the so l u t e concentrations o f pathway 3 were greater than f o r 
pathway 2 (Table 6.7). However during major storm events t h i s p a t t e r n 
was reversed, the so l u t e concentrations o f pathway 3 being lower than f o r 
pathway 2. This was a t t r i b u t e d t o the very low residence time o f the 
storm water o f pathway 3, compared w i t h the time taken f o r rainwater t o 
reach the impeding lay e r (pathway 2 ) , D i l u t i o n e f f e c t s o f high volumes 
Table 6,7, Differences i n chemical concentrations between high and 
low discharges f o r pathways 2 and 3 (S.E.C. i n ^ h o s 
cm ^ a t 25°C,. a l l other ions except pH i n mg 1 ^) 
Flow Pathway S.E.C. pH Na K Ca Mg SiOp CI 
C l a s s i f i e d 
High flow Type 2 41.2 5.67 4.00 0.27 2.34 0.65 1.46 7.8 
22/1/78 Type 3 38.4 5.28 4.00 0,43 1.60 0.60 0.70 7.6 
Low f l o w Type 2 37.8 5,73 5,43 0.27 1.54 0,47 1.60 3,6 
26/9/77 Type 3 92,0 4,64 5.70 7,43 5,12 0.92 1.20 7.6 
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would appear t o mask any i n i t i a l f l u s h out o f accumulated s a l t s . 
Pathway 4, flow w i t h i n the impeding l a y e r , was not observed w i t h i n 
the grassland t r a n s e c t . However, flow from G2, 100 cm depth, was beneath 
an impeding l a y e r , and s i m i l a r l y , a t G4 water was c o l l e c t e d i n lysimeters 
a t 100 cm and 200 cm depth having passed through the f r a g i p a n . 
Bracken: Withi n the bracken t r a n s e c t discharge was mainly recorded 
a t Bl a t the top o f the slope, f l o w monitored a t B2 being n e g l i g i b l e 
(Table 6,1). No comparison w i t h i n the t r a n s e c t can th e r e f o r e be drawn. 
Forest: I n the f o r e s t , c o n d u c t i v i t y and the s o l u t e concentration 
i n i n t e r f l o w was g r e a t e s t a t the top o f the slope, j u s t as f o r l i t t e r f l o w 
(Section 5.2.2). C o n d u c t i v i t y and the concentration o f a l l the ions 
except s i l i c a were approximately double those a t the mid-slope (F4, Figure 6.7) 
The high concentration l e v e l s a t F l and F2 may be the r e s u l t o f stemflow 
or l i t t e r f l o w having been conducted along t r e e r o o t s as discussed above. 
This would e x p l a i n the very high potassium readings (16 and 10 mg l""*" 
r e s p e c t i v e l y ) . S i m i l a r l y , the high c h l o r i d e values (15 and 22 mg l""^) may 
be due t o stemflow or storage - processes w i t h i n the s o i l . At F4 the 
concentrations o f calcium and s i l i c a increased w i t h depth, w h i l s t mag-
nesium remained constant and potassium decreased. The discharge monitored 
a t 76 cm depth i s an example o f flow through the f r a g i p a n . The high 
s i l i c a ahd c h l o r i d e l e v e l s are i n d i c a t i v e o f a longer storage time. 
c. S i t e f a c t o r s 
The e f f e c t o f s i t e f a c t o r s on i n t e r f l o w chemistry must be considered. 
A Spearman's rank c o r r e l a t i o n a n a l y s i s was conducted t o determine whether 
there was a r e l a t i o n s h i p between the concentration o f the ions "and the s i t e 
f a c t o r s such as slope angle and distance from the d i v i d e (Table 6.8). 
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Table 6.8. Rank c o r r e l a t i o n s between mean weighted i n t e r f l o w s o l u t e 
c o n c e n t r a t i o n s and s i t e f a c t o r s i n c l u d i n g annual d i s c h a r g e 
(N = 9) 
S. E • C. PH Na K Ca Mg SiO^ CI 
Distance from -0.25 -
d i v i d e 
-0.01 -0.24 -0.18 -0.29 -0.51 0.10 -0.18 
Slope angle -0.33 0.24 -0,17 -0.35 -0.30 -0.27 0,12 0.00 
* 
Annual di s c h a r g e -0.62 0.52 -0.63 -0.56 -0,51 -0.72 -0.40 -0.50 
* 
0.05 s i g n i f i c a n c e l e v e l 
C o n d u c t i v i t y , sodium and magnesium were s i g n i f i c a n t l y c o r r e l a t e d with annual 
d i s c h a r g e . T h i s suggests t h a t f o r these marine de r i v e d ions the amount of 
water f l u s h i n g through the system i s important. Where much water i s d i s -
charged a t the monitoring point (e.g. 40 1 a t G4, 92 cm depth) the 
c o n c e n t r a t i o n s are low (4.9 and 0.6 mg 1~^) and v i c e v e r s a (5.1 a t G2, 
100 cm depth, 6,4 and 3.5 mg 1 ~ ^ ) . 
The e x e r c i s e was repeated using weekly volumes of flow a t s e l e c t e d 
monitoring p o i n t s (Table 6.9). Although s i g n i f i c a n t c o r r e l a t i o n s were 
found between weekly i n t e r f l o w volumes and the v a r i o u s i o n s , with the 
exception of s i l i c a , sodium, potassium and magnesium were most f r e q u e n t l y 
c o r r e l a t e d with d i s c h a r g e . 
218 
Table 6.9. Rank c o r r e l a t i o n s between mean weightecJ i n t e r f l o w s o l u t e 
c o n c e n t r a t i o n s and weekly d i s c h a r g e f o r s e l e c t e d pathways 
S i t e ^ f ^ ^ ^ ^ y Na K Ca Mg SiO, No cm type ^ 2 
Gl 32 1 -0.45 -0.13 -0.66 -0.41 0.18 23 
G4 92 2 ** -0.52 -0.54 -0.25 
** 
-0.50 0.11 40 
G4 77 3 0.15 -0.40 -0.25 -0.33 -0.12 26 
F4 76 4 -0.27 -0.42 -0.32 -0.30 0.11 14 
0.01 s i g n i f i c a n c e l e v e l 
0.05 s i g n i f i c a n c e l e v e l 
6,3.3. Temporal v a r i a t i o n s i n i n t e r f l o w chemistry 
Seasonal changes i n the s o l u t e chemistry are presented f o r p r i n c i p a l 
d ischarge horizons i n each v e g e t a t i o n t r a n s e c t (G4, 92 cm depth, F i g u r e 6.15 
B l , 85 cm depth, Figure 6.16; F4, 53 cm depth, F i g u r e 6.17). The r e s u l t s 
are l e s s v a r i a b l e than those recorded f o r l i t t e r f l o w ( F i g u r e s 5.11, 5,12 
and 5.13), the e f f e c t s o f the l e a f l i t t e r chemistry being to some exte n t 
modified. 
G r a s s l a n d s i t e G4, 92 cm depth: C o n d u c t i v i t y ranged from approximately 
40-60^pnhos cm~^ through the year. There i s a trend towards maximum 
c o n d u c t i v i t y l e v e l s i n summer (June) and towards low l e v e l s i n A p r i l and 
November. High l e v e l s c o i n c i d e d w i t h p e r i o d s of low flow during the summer 
months due to c o n c e n t r a t i o n of the s o l u t e composition. Conversely low 
c o n d u c t i v i t i e s i n winter were caused by frequent f l u s h i n g and d i l u t i o n 
p r o c e s s e s . 
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The sodium l e v e l s d i d not f l u c t u a t e g r e a t l y and were s t a b l e a t 
approximately 5 mg 1 The h i g h e s t l e v e l (10 mg 1 ^) occurred i n June 
when discharge was lov; (166 ml) f o l l o w i n g 2 dry weeks ( t o t a l flow 53 m l ) . 
Lack of v a r i a t i o n throughout the y e a r may be a s c r i b e d to b u f f e r i n g 
processes operating w i t h i n the s o i l . 
C h l o r i d e c o n c e n t r a t i o n s o s c i l l a t e d from 6 to 10 mg 1~^ throughout 
the year, being high during May/June, October and e a r l y January and low 
during A p r i l , September and November. There appeairs to be no r e l a t i o n s h i p 
with e i t h e r the c o n c e n t r a t i o n s i n bulk p r e c i p i t a t i o n ( F i g u r e 4.2) or 
g r a s s l a n d l i t t e r f l o w ( F i g u r e 5.11). 
Potassium l e v e l s were low throughout the year (0.3 mg 1~^) w i t h the 
exception of the periods of low d i s c h a r g e during l a t e May/June and October, 
These low l e v e l s were due to c a t i o n exchange processes removing potassium 
f o r r e c y c l i n g through the v e g e t a t i o n . No s e a s o n a l p a t t e r n i s apparent 
from Figure 6,15, 
Calcium e x h i b i t e d s e a s o n a l f l u c t u a t i o n s , d e c r e a s i n g from 4.5 mg 1 
i n February t o 1.5 mg 1~^ i n summer, r i s i n g t o 3 mg l " " ^ i n October and 
becoming s t a b l e a t approximately 2.5 mg 1~"^  i n winter. The i n c r e a s e i n 
calcium c o n c e n t r a t i o n s i n winter was p o s s i b l y the r e s u l t of calcium i o n s 
being d i s p l a c e d from exchange s i t e s when i n t e r f l o w d i s c h a r g e was most r a p i d . 
Magnesium c o n c e n t r a t i o n s were low throughout the period, with the 
exception of high v a l u e s during June when discharge was low. 
S i l i c a c o n c e n t r a t i o n s ranged from 1.1 mg 1~^ (April/May) to 2.8 mg 1 ^ 
(June) but were g e n e r a l l y s t a b l e a t approximately 1.6 mg l " " * " . T h i s 
s t a b i l i t y i s probably due to the e f f i c i e n t b u f f e r i n g of s i l i c a by d e s o r p t i o n 
from s o i l p a r t i c l e s and adsorption by aluminium, i r o n , manganese, and 
magnesium oxides (Edwards and L i s s , 1973). S i l i c a a c t i v i t i e s were low 
throughout the y e a r . The s t a b i l i t y was not due to p a r t i a l e q u i l i b r i u m s i n c e 
the low l e v e l s i n d i c a t e t h a t the water samples were undersaturated with 
r e s p e c t to the a l u m i n o - s i l i c a t e m i n e r a l s p r e s e n t . 
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Bracken s i t e B3, 95 cm depth: The s o l u t e c o n c e n t r a t i o n s shown i n 
F i g u r e 6.16 demonstrate l a r g e r weekly v a r i a t i o n than f o r the g r a s s l a n d 
i n t e r f l o w ( F i g u r e 6.15) but much lower than f o r bracken l i t t e r f l o w 
( F i g u r e 5.12). 
C o n d u c t i v i t y was between 70-90 jomhos cm ^ from February to June but 
i n c r e a s e d g r e a t l y (average 150^pnhos cm~^) from J u l y to January, 1978. 
T h i s may be p a r t l y due to f l u s h i n g of s o l u t e s from decomposing bracken 
l i t t e r during the autumn and winter and p a r t l y due to lower volumes o f 
discharge because of the g r e a t e r i n t e r c e p t i o n by the bracken canopy 
( S e c t i o n 5.3.3). 
Sodium l e v e l s f l u c t u a t e d from approximately 7 to 10 mg 1 ^, the 
h i g h e s t c o n c e n t r a t i o n s being monitored i n September and October. These 
high l e v e l s were due to high c o n c e n t r a t i o n s from l i t t e r f l o w , although the 
l e s s extreme response of i n t e r f l o w suggests t h a t s t o r a g e / r e l e a s e mechanisms 
were operating. The lowest l e v e l s were recorded i n January, p o s s i b l y 
because the r e a d i l y a v a i l a b l e sodium had been leached by then and d i s c h a r g e 
was high. 
C h l o r i d e e x h i b i t s a s i m i l a r p a t t e r n to sodium with the h i g h e s t l e v e l s 
being recorded i n September and October. The lowest l e v e l s were found i n 
June, J u l y and January. 
Calcium a l s o reached a maximum i n autumn ( l a t e October) and a minimum 
i n June/July. T h i s may be r e l a t e d to the growth c y c l e of bracken, low 
l e v e l s being a s s o c i a t e d with the period of growth and high l e v e l s due to 
l e a c h i n g from the dead p l a n t s . 
Magnesium l e v e l s appear to be almost constant ( F i g u r e 6.16). 
S i l i c a c o n c e n t r a t i o n s showed a s l i g h t s e a s o n a l trend; they were h i g h e s t 
i n summer, and lowest i n winter, with the exception of 2nd January, 1978 
(8 mg l"*^) which may have been the r e s u l t of contamination. 
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V a r i a t i o n i n the bracken 'interflow s o l u t e c o n c e n t r a t i o n s was a f u n c t i o n 
of both the se a s o n a l p a t t e r n of g r a n i t e and decay and i t s e f f e c t on dischcirge 
F o r e s t s i t e , F4, 53 cm depth: C o n d u c t i v i t y and the other s o l u t e 
measures e x h i b i t e d a damped response compared with l i t t e r f l o w ( F i g u r e s 5.13 
and 6.17). 
C o n d u c t i v i t y o s c i l l a t e d widely from 50 to 180 ^mhos cm""^ . Low v a l u e s 
were a s s o c i a t e d with d i l u t i o n due to l a r g e storms and high v a l u e s were due 
to infr e q u e n t f l u s h i n g and low d i s c h a r g e . 
Sodium and c h l o r i d e i n f o r e s t i n t e r f l o w ( F i g u r e 6.17) d i s p l a y e d g r e a t e r 
f l u c t u a t i o n s than i n the g r a s s l a n d ( F i g u r e 6.15), No s e a s o n a l trends were 
apparent, but the f l u c t u a t i o n s appear to depend on f l u s h i n g / d i l u t i o n 
mechanisms, as f o r c o n d u c t i v i t y . 
Potassium c o n c e n t r a t i o n s were h i g h e s t i n June and J u l y and lowest d u r i n g 
January. Calcium and potassium l e v e l s were low throughout the year, w i t h 
a maximum o c c u r r i n g i n autumn. 
S i l i c a c o n c e n t r a t i o n s f l u c t u a t e d throughout the ye a r and no 
d i s c e r n i b l e s e a s o n a l trend i s apparent ( F i g u r e 6.17). The high v a l u e s 
i n March/April and J u l y correspond to periods of low flow. The s i l i c a 
a d sorption/desorption mechanism noted i n g r a s s l a n d i n t e r f l o w seems to be 
inundated by the inputs from l i t t e r f l o w . 
T h i s s e c t i o n has shown t h a t i n t e r f l o w c o n c e n t r a t i o n s depend on l i t t e r -
flow i n p u t s , f l u s h i n g / d i l u t i o n mechanisms and b u f f e r i n g p r o c e s s e s . At 
a l l three i n t e r f l o w s i t e s the trends were l e s s extreme than monitored i n 
l i t t e r f l o w . I n p a r t i c u l a r the trends noted i n g r a s s l a n d i n t e r f l o w (G4, 
92 cm depth; F i g u r e 6,15) showed a degree of s t a b i l i t y due to r e v e r s i b l e 
ion exchange f o r the c a t i o n s and desorption/adsorption p r o c e s s e s f o r 
s i l i c a . 
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6.3.4. I n t e r f l o w s o l u t e c o n c e n t r a t i o n s , hydro-chemical and hydro-
meteorological c o n d i t i o n s 
A c o r r e l a t i o n matrix was c a l c u l a t e d to a n a l y s e the r e l a t i o n s h i p s 
between i n t e r f l o w s o l u t e c o n c e n t r a t i o n s and hydro-meteorological c o n d i t i o n s 
(Table 6.10). The same v a r i a b l e s were used i n the a n a l y s i s of i n t e r f l o w 
as used f o r l i t t e r f l o w ( S e c t i o n 5.2.2). The l i t t e r f l o w c o n c e n t r a t i o n s 
were a l s o included s i n c e they represented the chemical composition of the 
previous p o i n t s i n the c y c l e . 
R e s u l t s of the a n a l y s i s i n d i c a t e the importance of the l i t t e r f l o w 
chemistry. I n t e r f l o w c o n c e n t r a t i o n s were s i g n i f i c a n t l y r e l a t e d i n 16 
i n s t a n c e s out of the 24 i n t e r f l o w s o l u t e parameters. The s o l u t e chemistry 
of i n t e r f l o w depends on s o l u t e s i n the previous point i n the ground component, 
much as l i t t e r f l o w chemistry depends on the previous p o i n t i n the atmospheric 
component ( S e c t i o n 5.2.2). Vegetation type which c o n t r o l s the production 
of l e a f l i t t e r , i t s n u t r i e n t content ( S e c t i o n 5.2.1) and thus l i t t e r f l o w 
chemistry t h e r e f o r e has a g r e a t i n f l u e n c e on i n t e r f l o w chemistry. Of 
the other v a r i a b l e s , t o t a l p r e c i p i t a t i o n f o r the week was the most impor-
t a n t , being c o r r e l a t e d with 11 of the 24 s o l u t e parameters. I n p a r t i c u l a r 
the marine.^derived ions were more c l o s e l y c o r r e l a t e d with t o t a l r a i n f a l l 
than were the other i o n s . Seasonal f a c t o r s only appeared to be s i g n i f i -
c a n t i n the g r a s s l a n d . T h i s may be p a r t l y due to the seasonal change i n 
opportunity f o r l e a c h i n g from the t u r f , and p a r t l y due to the i n t e r - . 
r e l a t i o n s h i p between the season and the c o n c e n t r a t i o n of ions i n bulk 
p r e c i p i t a t i o n . The sea s o n a l trend v/as only observed i n the g r a s s l a n d , 
where flow was recorded f o r 43 weeks, because of the g r e a t e r frequency o f 
f l u s h i n g t h e r e . I n the bracken and f o r e s t t r a n s e c t s , flow was recorded 
f o r only 22 and 23 weeks r e s p e c t i v e l y , so t h a t other f a c t o r s a f f e c t i n g 
the accumulation of s o l u t e s such as dur a t i o n of time without flow had an 
o v e r r i d i n g e f f e c t ( F i g u r e 3.15). 
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Table 6.10 Tlie c o r r e l a t i o n between Interf low solute concentrations, 
hydro-chenical and hydro-octeorological condit ions 
a) Grass land, C4, 92 cm depth, H=36 
W.Tot. AP 30 
H.D.T, 2hr I n t . Temp. 
S . E . C , 
pM 
Ka 
K 
Ca 
Mg 
C I 
-0.31 -0 .30 -0.31 
-0 .07 -0.07 -0 .12 
• •. • • * 
-0 .53 -O.aa -0 .30 
-0 .30 -0 .30 -0.31 
-0.21 -0 .02 -0 .18 
-0 .27 -0 .25 
-0.13 -0.22 
-0.31 -0 .36 
-0.28 
-0.15 
-0.17 
-0 .27 
-0.11 
0.^6 
-0 .26 
-0 .26 
-0 .26 
-0 .18 
-0.36 
0.39 
-0.02 
O.'l^ 
0.41 
0.17 
S . I . 
a t 
-0.d2 
-0 .12 0.19 
-O.dS -O.Od 
B . P . C . G . L . C . 
0.21 0 . 6 l ' 
-0 .50 
0.08 
0.35 -0 .43 
0.34 -0 .20 
0.34 
0.63 
0.62 
0.00 
0.00 
-0 .25 -0.09 
0.16 
• * 
0.46 
0.64 
0.05 
0.37 
0.24 
0.03 
b) Bracken, B l , 85 cci depth. tJ=19 
S . E . C . 
pH 
(la 
K 
Ca 
Mg 
SiO^ 
CI 
W.Tot. AP 
0.28 
-0 .26 
-0.44 
-0 .22 
-0 .38 
-0 .25 
30 
0.32 
0.21 
0.26 
0.04 
-0.39 
0.32 -0 .32 
0.10 -0.33 
-0.33 -0 .03 
-0 .37 -0 .33 
0,36 -0.09 
0.05 
M.D.T. 2hr I n t . Temp. 
0.14 0.25 -0.71 
0.06 
-0 .43 
-0 .38 
-0.21 
-0 .15 
-0 .15 
-0 .23 
S . I . 
0.26 
-0 .23 0.17 
0.23 -0 .36 
B . P . C . B . L . C . 
0 ,25 0.76' 
-0.26 
0.55 
0.16 
0.17 
0.01 
0.33 
-0,4t 
0.30 
0,06 
-0.17 
0.07 
0.21 
-0.05 
.. • 
0.76 
-0.22 
0.06 
0.20 
0.34 
0.23 
0.01 
0.53 
0.56 
0,C5 
• • • 
0.80 
o.-oo 
c ) Fores t , F4, 53 cn depth, iJ=23 
W.Tot. AP 
S . E . C . -0 .53 
pH 
30 
0.11 -0 .40 
-0 .58 -0 .40 0,28 
rJa -0 .33 -0 .12 -0 ,49 
K -0 .4B -0 .30 -0 .30 
Ca -0 .18 0.00 -0 ,14 
Mg -0.31 -0 .15 -0 .26 
SiO^ -0 .07 -0 .16 -0.01 
CI -0 .39 -0 .06 -0 .52 
r.l.D.T. 2hr I n t . Temp 
-0.47 
0.48 
-0,39 
-0 .39 
-0 ,23 
-0 .22 
-0 .15 
0.38 
0.04 -0.27 
0.00 0.20 
S . I . B . P . C . F . L . C . 
. • • 
0.88 
0.22 
0.09 0.03 
0.41 -0 .60 
0 .05 
0,19 
0.27 -0 .09 
0.22 
0.21 
0.04 
0.86 
0.24 0.33 
0.11 -0 ,12 
0.10 0.09 
0.29 
0.13 
. * • 
0.86 
• a • 
0.76 
• • • 
0.80 
0.93 
0.38 
• • • 
0.78 
0.001 aigtiifiarice level 
0.01 ai^Uficaxre le-zel 
0.C6 significance level 
W.Tot. Tbtal precipitatiai for tJie weelt 
AP^ Antececfent precipltaticn index 
H.D.T. ftotimn daily total 
ZTT Int. r-bxirun Shr lnt<raity 
Teip. [lean doily tsTp^rature 
S.I. SansrmJ In+w 
B.P.C, Bul*( precipitation cheruBtry 
G.L.C. Crasnimri l i t tcmcw chnrrictry 
B.L.C. Prnrt'^ 11 Ma-Hcw ct»:inietr/ 
F .L .C. Forr-;t UttTTlC"* dnnistry 
G r a s s l a n d , G4, 92 cm depth: C o n d u c t i v i t y , sodium and potassium l e v e l s were 
s i g n i f i c a n t l y c o r r e l a t e d with the amount of r a i n during the week and the 
se a s o n a l index (Table 6.10). I n a d d i t i o n to these ions the s e a s o n a l index 
was c l o s e l y c o r r e l a t e d with magnesium. T h i s index takes i n t o account the 
se a s o n a l b i o l o g i c a l rhythm of g r a s s growth. The negative c o r r e l a t i o n s 
show t h a t the maximum c o n c e n t r a t i o n s occurred i n summer, when dis c h a r g e 
frequency was low, and the minimum occurred i n wirJer when the frequency 
was high. C o n d u c t i v i t y , potassium, magnesium, s i l i c a and c h l o r i d e l e v e l s 
were c o r r e l a t e d with temperature. To some exte n t temperature r e f l e c t s the 
s e a s o n a l change, but i n a d d i t i o n , i t i s a measure of r a t e s o f r e a c t i o n 
and b i o l o g i c a l a c t i v i t y . For example, higher s i l i c a c o n c e n t r a t i o n s i n 
summer were a s s o c i a t e d with higher temperatures and g r e a t e r evapotrans-
p i r a t i o n together with lower frequency of flow. Sodium, potassium and 
c h l o r i d e c o n c e n t r a t i o n s and c o n d u c t i v i t y were n e g a t i v e l y c o r r e l a t e d with 
weekly amounts of p r e c i p i t a t i o n ; i n c r e a s i n g amounts of r a i n l e d t o d i l u t i o n , 
j u s t as f o r t u r f flow ( S e c t i o n 5.2.2). 
Bracken B3, 85 cm depth: S o l u t e c o n c e n t r a t i o n i n bracken i n t e r f l o w 
was c l o s e l y c o r r e l a t e d Wijh l i t t e r f l o w chemistry and the t o t a l weekly r a i n f a l l 
amount (Table 6.10). Only hydrogen was not c o r r e l a t e d with e i t h e r of these 
v a r i a b l e s , r e f l e c t i n g the complexity of i t s response. C o n d u c t i v i t y , 
potassium, c a l c i u m , magnesium and s i l i c a were a l l dependent on l i t t e r f l o w 
c o n c e n t r a t i o n s , emphasising the i n f l u e n c e of l i t t e r f l o w chemistry on t h a t 
of i n t e r f l o w . Sodium and c h l o r i d e were again most s i g n i f i c a n t l y c o r r e l a t e d 
with the t o t a l weekly r a i n f a l l . 
C o n d u c t i v i t y and potassium were c o r r e l a t e d with temperature j u s t as 
f o r bracken l i t t e r f l o w ( S e c t i o n 5.2.2) and g r a s s l a n d i n t e r f l o w . U n l i k e 
bracken l i t t e r f l o w , the i n t e r f l o w chemistry was not a f f e c t e d by the 
se a s o n a l nature of bracken growth. T h i s was due to the adsorption and 
r e c y c l i n g mechanism operating i n the s o i l . 
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F o r e s t F4, 53 cm depth: The most s i g n i f i c a n t f a c t o r a f f e c t i n g the 
f o r e s t i n t e r f l o w s o l u t e c o n c e n t r a t i o n s was again the l i t t e r f l o w s o l u t e 
c o n c e n t r a t i o n . A l l the s o l u t e parameters were very c l o s e l y c o r r e l a t e d 
with l i t t e r f l o w chemistry (0.001 s i g n i f i c a n c e l e v e l ) , except s i l i c a (0.05 
s i g n i f i c a n c e l e v e l ) and hydrogen, which was not s i g n i f i c a n t . T h i s 
r e l a t i o n s h i p suggests t h a t f a c t o r s i n f l u e n c i n g the hydrology and production 
of s o l u t e s from l e a f l i t t e r are more important than those a f f e c t i n g s o i l 
c hemistry. Atmospherically d e r i v e d ions were again c o r r e l a t e d with p r e -
c i p i t a t i o n t o t a l s . 
6.4. S o i l water chemistry 
There i s a gradual movement of water downslope i n e i t h e r the s a t u r a t e d 
or unsaturated s t a t e . The r e s u l t s f o r the more r a p i d l y moving s a t u r a t e d 
i n t e r f l o w have been d i s c u s s e d above. T h i s s e c t i o n p r e s e n t s the r e s u l t s o f 
the chemical a n a l y s e s f o r s o i l water obtained from the porous cup samplers 
( S e c t i o n 3.2.5). These samplers were i n s t a l l e d a t 90 cm and 180 cm depth 
i n each t r a n s e c t , a t about 10 m to the e a s t of the bottom i n t e r f l o w 
monitoring s i t e . They operate a t t e n s i o n s up to 0.8 bars s u c t i o n and so 
remove water held a t low t e n s i o n s i n the unsaturated s t a t e . I n a d d i t i o n , 
the more f r e e l y moving s a t u r a t e d i n t e r f l o w water i s sampled i f prese n t . 
One o f the problems i n a d i s c u s s i o n of the chemistry of water c o l l e c t e d 
by these samplers i s i t s unknown o r i g i n . 
The r e s u l t s f o r each t r a n s e c t are presented i n Table 6.11. The s o l u t e 
c o n c e n t r a t i o n s o f the s o i l water a r e s i m i l a r to those monitored f o r i n t e r -
flow (Table 6.4), although the former are a r i t h m e t i c means based on f i v e 
months' data whereas the l a t t e r are annual mean weighted f i g u r e s . The 
p a t t e r n s and trends w i l l not be d i s c u s s e d i n g r e a t d e t a i l s i n c e t h i s would 
re p e a t the remarks made on i n t e r f l o w . S e v e r a l p o i n t s a r e worthy o f note, 
226 
Table 6.11. A r i t h m e t i c means and standard d e v i a t i o n s of s o i l water 
chemistry. 24/10/77 to 6/2/78. (S.E.C . i n umhos -1 cm 
a t o 25 C, a l l other ions except pH i n mg 1 ^ ) , 
( a ) Grassland 90 cm depth 180 cm depth 
X 0- X <T 
S. F. C. 46.45 11.35 50.25 5.96 
PH 5.63 0.26 5.86 0.18 
Na 4.91 0.50 5.09 0.58 
K 0.53 0.10 0.62 0.18 
Ca 2.71 0.86 3.22 0.70 
Mg 0.58 0.18 0.71 0.09 
SiO. 1.85 0,35 2.44 0.77 
CI ^ 9.18 2.32 10.32 1.32 
(b) Bracken 90 cm 
X 
depth 
O" 
180 cm 
X 
depth 
cr 
S. F. C. 43.58 2.33 50,69 10,45 
pH 4.75 0.10 5.27 0.35 
Na 4,80 0.98 6,00 0.64 
K 0.27 0.17 0,52 0.16 
Ca 0.88 0.19 1.22 0.34 
Mg 0.53 0.09 0.72 0.25 
SiO. 3.47 0.33 4.04 0.53 
CI ^ 8.78 1.90 10.30 1.25 
( c ) F o r e s t 90 cm 
X 
depth 
cr 
180 cm 
X 
depth 
S. F. C. 74.55 6.21 72.75 6.46 
pH 4.65 0.10 4.83 0,10 
Na 7.06 0.26 7,22 0,73 
K 0.57 0.06 1.29 0.12 
Ca 1.39 0.16 1.69 1.34 
Mg 1.13 0.14 1.22 0.11 
SiO_ 7.63 0.75 9.21 0.92 
CI ^ 11.44 0.77 11.55 1.11 
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however. F i r s t l y , t h e r e i s an i n c r e a s e i n c o n c e n t r a t i o n i n a l l ions with 
depth (Table 6.11). T h i s i s d i f f e r e n t from the r e s u l t s f o r i n t e r f l o w i n 
the s o i l i n which the p l a n t n u t r i e n t s p a r t i c u l a r l y potassium decreased a s 
they^^emoved from s o l u t i o n by adsorption f o r r e c y c l i n g through the biomass. 
The i n c r e a s e i s p a r t l y due to an e v a p o t r a n s p i r a t i o n c o n c e n t r a t i n g the 
s o l u t i o n , but i s mainly a f u n c t i o n of the g r e a t e r depths involved. By 
comparing the c o n c e n t r a t i o n of the s o l u t e s to the c o n c e n t r a t i o n of c h l o r i d e 
a t 90 cm and 180 cm depth, i t can be shown t h a t the g r e a t e s t i n c r e a s e i s 
f o r s i l i c a and calcium. Chemical weathering must t h e r e f o r e be c o n t r i b u t i n g 
s o l u t e s to the s o i l water. 
Secondly, t h e r e was g r e a t c o n s i s t e n c y i n the r e s u l t s during the 
sampling period as evidenced by the low standard d e v i a t i o n s . The concen-
t r a t i o n s e x h i b i t e d much l e s s weekly v a r i a t i o n than i n t e r f l o w l e v e l s and 
so were not a f f e c t e d by the amounts of water moving through the s o i l . 
Seasonal v a r i a t i o n was a l s o very low, although s l i g h t seasonal trends were 
observable. These r e s u l t s i n d i c a t e a very msurked s o i l b u f f e r i n g e f f e c t 
(Johnson e t a l , 1969). According to Smith and Dunne (1977) s o i l water 
r e a c t i o n s occur v e r y r a p i d l y with the r e s u l t t h a t the s o l u t e c o n c e n t r a t i o n s 
observed were achieved very r a p i d l y , probably w i t h i n hours. T h i s suggests 
t h a t the r e s i d e n c e time of s o i l water i s e s s e n t i a l l y very s h o r t , although 
longer than t h a t of i n t e r f l o w water. 
T h i r d l y , the s o l u t e c o n c e n t r a t i o n s a r e i n the order f o r e s t > b racken> 
g r a s s l a n d . For example s i l i c a e x h i b i t s t h i s p a t t e r n with the f o r e s t h i g h e r 
than the bracken higher than the g r a s s l a n d , the same as f o r i n t e r f l o w . 
F o u r t h l y , the c o n c e n t r a t i o n s i n the s o i l water a t 90 cm depth are 
higher than those i n i n t e r f l o w a t G4, 92 cm depth, presumably because the 
sampling method i s c o l l e c t i n g water held a t higher t e n s i o n s . The p a t t e r n 
i s d i f f e r e n t f o r the bracken and f o r e s t s o i l water c o n c e n t r a t i o n s which a r e 
lower than those of i n t e r f l o w . T h i s can be a t t r i b u t e d to the g r e a t e f f e c t 
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t h a t l i t t e r f l o w chemistry had on i n t e r f l o w ( S e c t i o n 6.3.4) which seems to 
be l e s s important f o r s o i l water. 
I n c o n c l u s i o n , the s o i l water system behaves d i f f e r e n t l y to t h a t f o r 
i n t e r f l o w , the l a t t e r being r a p i d l y moving and g r e a t l y i n f l u e n c e d by 
l i t t e r f l o w . S o i l water moves more s l o w l y , i s ab l e to e q u i l i b r i a t e with 
the s o i l m inerals and maintain s o l u t e c o n c e n t r a t i o n s a t almost c o n s t a n t 
l e v e l s . 
6. S,' P r i n c i p a l components a n a l y s i s of i n t e r f l o w chemistry data 
The e i g h t s o l u t e parameters f o r the major i n t e r f l o w p o i n t s i n each 
t r a n s e c t ; G4, 92 cm depth; B l , 85 cm depth and F4, 53 cm depth f o r the 
period 14/2/77 to 20/3/78 were entered to P.C.A. A t o t a l of 98 samples 
was used i n the a n a l y s i s . 
The f i r s t two components explained 66% of the v a r i a n c e , both com-
ponents p o s s e s s i n g eigenvalues g r e a t e r than 1.0. C o n s i d e r a t i o n o f the 
loadings f o r these components shows t h a t component I , which e x p l a i n s 
43% of the v a r i a n c e , i s dominated by c o n d u c t i v i t y magnesium, sodium and 
c h l o r i d e (Table 6.12). V a r i a t i o n i n the c o n c e n t r a t i o n of the marine 
der i v e d s a l t s i s thus r e s p o n s i b l e f o r the annual change i n i n t e r f l o w 
chemical c h a r a c t e r i s t i c s . T h i s r e s u l t i s s i m i l a r to those of the P.C.A. 
f o r s o l u t e c o n c e n t r a t i o n s a t poi n t s higher i n the h y d r o l o g i c a l system, 
such as bulk p r e c i p i t a t i o n ( S e c t i o n 4.1.6) and l i t t e r f l o w ( S e c t i o n 5.3.5). 
Component I I , e x p l a i n i n g 23% of the v a r i a n c e , i s dominated by s i l i c a , 
potassium and pH (Table 6,12). The high negative loadings f o r s i l i c a and 
potassium, combined with the high p o s i t i v e loading f o r pH, suggest t h a t 
the weathering o f the s i l i c a t e m i n e r a l s by h y d r o l y s i s e x e r t s a g r e a t 
i n f l u e n c e on the i n t e r f l o w c o n c e n t r a t i o n s . 
The component s c o r e s f o r each sample, u s i n g axes I and I I , were 
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Table 6.12, Component loadings on the f i r s t two p r i n c i p a l components 
of i n t e r f l o w chemistry 
Component I Variance explained 43% 
C o n d u c t i v i t y 0.478 
Magnesium 0,478 
Sodium 0.409 
C h l o r i d e 0.396 
Component I I Variance explained 23% 
S i l i c a -0,586 
Potassium -0.436 
t 
pH 0.395 
T o t a l v a r i a n c e explained 66% 
p l o t t e d ifigure 6.18^b), f o l l o w i n g the same procedure as f o r bulk p r e c i p i t a -
t i o n and l i t t e r f l o w chemistry. Axis I component s c o r e s are mainly a 
measure o f c o n d u c t i v i t y and the c o n c e n t r a t i o n s of magnesium, sodium and 
c h l o r i d e . For example simple 32 ( g r a s s l a n d , Dec) has low l e v e l s o f these 
parameters (35.8 ^ mhos cm"''", 0.4, 4,7 and 4.8 mg l ' " ' " r e s p . ) compared w i t h 
sample 14 ( g r a s s l a n d , May;) 70 ^ imhos cm ^, 1.5, 8.1 and 11,9 mg 1 ^ r e s p . ) 
Axis I I depends on s i l i c a and potassium c o n c e n t r a t i o n s and on the pH. The 
negative s i g n s f o r s i l i c a and potassium (Table 6.12) suggest t h a t samples 
with high SiO^ and K c o n c e n t r a t i o n s have low component s c o r e s and v i c e 
v e r s a 
Sample 50 (bracken, Feb) i s c l o s e to the zero (Si02:3.8, K:0,3 mg l " " ^ , 
pH 4.7) whereas sample 65 (bracken, Oct) has a high s c o r e (2.1, 1.8 mg l " " ^ , 
pH 4.7) and sample 76 ( f o r e s t , Feb) has a low score (6.0, 3.5 mg 1~^. 4 , 0 ) . 
I n t e r f l o w samples from the thr e e v e g e t a t i o n t r a n s e c t s form three 
d i s t i n c t groups ( F i g u r e 6 . l 8 b o v e r l ^ . The g r a s s l a n d samples form a t i g h t l y 
c l u s t e r e d group with low component s c o r e s on a x i s I and high component 
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s c o r e s on a x i s I I . T h i s r e s u l t i n d i c a t e s t h a t a l l the g r a s s l a n d samples 
had low c o n d u c t i v i t y and low c o n c e n t r a t i o n of a l l i o n s . Sample 47 has a 
c o n c e n t r a t i o n c l o s e to the weighted mean. A se a s o n a l trend i s b a r e l y 
d i s c e r n i b l e . For example, sample 33 possessed low component s c o r e s i n 
December as a r e s u l t of high r a i n f a l l l e v e l s (94 mm i n 1 week) l e a d i n g to 
low c o n c e n t r a t i o n s of the marine derived i o n s . However, there were high 
c o n c e n t r a t i o n s of s i l i c a and potassium due to the f l u s h i n g of m a t e r i a l 
accumulated during the previous f o r t n i g h t when no flow occurred. L a t e r 
during the winter (e.g. sample 45) the component s c o r e s i n c r e a s e d as 
r a i n f a l l t o t a l s were lower and hence c o n d u c t i v i t y was higher. I n a d d i t i o n , 
s i l i c a and potassium l e v e l s were lower than i n December because o f the 
high frequency of d i s c h a r g e . The h i g h e s t component I s c o r e s occurred i n 
May and June, when the flow amounts were low, and followed s e v e r a l weeks 
without discharge (see S e c t i o n 6.3.3). 
The bracken samples a l l had higher component I s c o r e s than those f o r 
the g r a s s l a n d . T h i s may be due to the g r e a t e r input of sodium and c h l o r i d e 
i n t o the bracken t r a n s e c t by entrapment or because of the higher r a t e s 
of e v a p o t r a n s p i r a t i o n . However, the most l i k e l y e x p l a n a t i o n i s t h a t the 
frequency of flow i s l e s s than i n the g r a s s l a n d , with the r e s u l t t h a t the 
marine d e r i v e d ions accumulated. Sample 53 has a s o l u t e c o n c e n t r a t i o n 
c l o s e to the weighted mean c o n c e n t r a t i o n s presented i n Table 6.4. A 
s e a s o n a l trend i s again apparent, with low component s c o r e s i n winter and 
high f a c t o r s c o r e s i n the autumn. Sample 65 (Oct) had high c o n d u c t i v i t y 
and c o n c e n t r a t i o n s of marine d e r i v e d s o l u t e s corresponding to high con-
c e n t r a t i o n s i n l i t t e r f l o w . 
The f o r e s t samples had a wide range of component I and a r e s t r i c t e d 
range with low v a l u e s f o r component I I . Thus the c o n c e n t r a t i o n s o f s i l i c a 
and potassium were a l l higher than those of e i t h e r the g r a s s l a n d or bracken. 
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Sample 93 has the s o l u t e chemistry c l o s e s t to t h a t of the f o r e s t i n t e r f l o w 
weighted mean. Samples with low component I s c o r e s , such as 82 (May), 
86 (Aug) and 91 (Nov) were a l l a s s o c i a t e d with high r a i n f a l l amounts 
( g r e a t e r than 57 mm per week) and samples with low component s c o r e s such 
as 85 ( J u l ) were r e l a t e d to low r a i n f a l l amounts ( l e s s than 22 mm). 
Seasoned f a c t o r s c o n t r o l l i n g the amount o f water p a s s i n g through the 
f o r e s t i n t e r f l o w system seem to be fundamental i n c o n t r o l l i n g the s o l u t e 
chemistry t h e r e . 
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6,7. Summary 
The r e s u l t s o f chapter 6 are summarised i n Table 6.13, 
Table 6.13. Summary c h a r t f o r i n t e r f l o w ( I n t ) and s o i l water (S-WJ 
chemistry to show the change from l i t t e r f l o w , as w e l l 
as s p a t i a l and temporal v a r i a t i o n s 
Element Change from l i t t e r f l o w 
S p a t i a l 
v a r i a t i o n 
Temporal 
v a r i a t i o n 
Hydrogen Loss due to gai n i n 
b a s i c ions by 
c a t i o n exch. 
Sodium S l i g h t enrichment 
Potassium Great l o s s down 
p r o f i l e as potas-
sium adsorbed by 
s o i l f o r r e c y c l i n g 
t h r o ' v e g e t a t i o n 
Calcium S l i g h t l o s s by 
adsorption 
Magnesium S l i g h t l o s s by 
adsorption 
S i l i c a Gen. low i n g r a s s -
land, higher l e v e l s 
i n bracken and 
f o r e s t . I n c r e a s e i n 
concn. with depth. 
C h l o r i d e S l i g h t l o s s or 
s i m i l a r concn. 
F o r e s t > Bracken> 
G r a s s l a n d 
F o r e s t > Bracken> 
Gra s s l a n d 
Almost constant 
I n t : High pH i n 
summer 
S-W: High pH i n Dec 
Maximum i n summer 
F o r e s t > Grassland> I n t : Max i n summer 
Bracken 
Notably high i n 
g r a s s . Grassland> 
Bracken > F o r e s t 
F o r e s t > Bracken> 
Gra s s l a n d 
F o r e s t > Bracken> 
Gra s s l a n d 
I n t : Bracken > 
F o r e s t > G r a s s l a n d 
S-W: F o r e s t s 
Gra s s . = Bracken 
S-W: S l i g h t v a r i a -
t i o n , max i n 
autumn 
Gr a s s l a n d i n t : max 
i n winter. A l l 
other s i t e s max i n 
autumn 
I n t : Max i n October 
S-W: Constant 
S l i g h t s e a s o n a l 
trend max. i n 
summer, gen. d e c l i n e 
Oct. to March 
Maximum i n siimmer 
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CHAPTER 7 
THE aaXND CCMPONEl^ - THE SPRINGS 
7,1. I n t r o d u c t i o n 
The t h i r d component i n the h y d r o l o g i c a l c y c l e i n v o l v e s the passage 
of water from the ground component, as d i s c u s s e d i n Chapter 6, to the 
s p r i n g s , A s p r i n g can be d e f i n e d as a c o n c e n t r a t e d r i s i n g of water as 
compared w i t h a seepage, which r e p r e s e n t s a more d i f f u s e emergence. 
However, for c o n c i s e n e s s i n t h i s I n v e s t i g a t i o n the term s p r i n g w i l l 
be used to cover both types. 
There i s a l a r g e number of s p r i n g s i n the N a r r a t o r Catchment which 
supply a s i g n i f i c a n t amount of water to the stream, A network of 23 
s p r i n g s was s e l e c t e d ( F i g u r e 7.1) on the grounds that they were r e p r e s e n -
t a t i v e and made the most e f f i c i e n t use of time a v a i l a b l e for c o l l e c t i o n 
of samples. Spot samples were obtained a t weekly i n t e r v a l s for the 
periods during which flow o c c u r r e d and water temperature was recorded. 
I n i t i a l l y the samples were a n a l y s e d for c o n d u c t i v i t y , pH and s i l i c a 
l e v e l s , but from September, 1977 a l l the s o l u t e parameters were determined 
( S e c t i o n 3.2.6), 
The main aims of the chapter a r e : 
1. To examine the p o s s i b l e sources of s p r i n g f l o w by c o n s i d e r i n g 
t h e i r l o c a t i o n and h y d r o l o g i c a l c h a r a c t e r i s t i c s , i n c l u d i n g 
flow frequency and d i s c h a r g e . 
2, To group the s p r i n g s on the b a s i s of t h e i r hydro-chemistry. 
3, To monitor the magnitude and v a r i a b i l i t y of s p r i n g f l o w , 
4. To i n v e s t i g a t e the c o n t r o l s on s p r i n g f l o w c h e m i s t r y i n terms 
of p h y s i c a l f a c t o r s and v e g e t a t i o n types. 
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Sources of s p r i n g flow 
In the Narrator catchment a l l the springwater i s s u p p l i e d by d i f f u s e 
p e r c o l a t i o n through the head and weathered g r a n i t e . There i s no recharge 
by inputs s i m i l a r to s w a l l e t s found i n limestone r e g i o n s . The o n l y 
evidence for the route rx^ich the water has taken to reach the s p r i n g s 
comes from Sandeman (1901). He recorded that i n a t r e n c h c o n s t r u c t e d 
during the b u i l d i n g of Sheepstor Dam, B u r r a t o r , l o c a t e d 1 km downstream 
from the N a r r a t o r catchment, water i s s u e d both from v e i n s i n the decomposed 
g r a n i t e and from f i s s u r e s i n the s o l i d g r a n i t e . These v e i n s were made 
up of l a r g e b l o c k s s i m i l a r to a rubble w a l l and had l a r g e j o i n t s w i t h i n 
them. They were observed to a c t as deep land d r a i n s d i s c h a r g i n g c o n s i d e r -
able q u a n t i t i e s of water even i n dry weather. At depth the decomposed 
g r a n i t e became more s o l i d and the v e i n s continued i n t o unweathered g r a n i t e . 
Sandeman (1901) a l s o d e s c r i b e d how elsewhere i n the trench a c o n s i d e r a b l e 
d i s c h a r g e flowed from h o l e s or f i s s u r e s at depth i n t h i s g r a n i t e . 
Sources of s p r i n g water are not e a s i l y determined but on the b a s i s 
of l o c a t i o n a l evidence, temperature v a r i a b i l i t y and s o l u t e chemistry, 
v a r i o u s p a t t e r n s can be i d e n t i f i e d . 
7.1,1. L o c a t i o n a l evidence 
The s p r i n g s are l o c a t e d predominantly i n the lower part of the 
catchment ( F i g u r e 7.1). They emerge i n d i s t i n c t c l u s t e r s w i t h , for 
example, s p r i n g s 1, 2, 3 and 4 comprising one group and 5, 6 and 7 another. 
Other groups of s p r i n g s have a permanent s p r i n g a s s o c i a t e d w i t h an i n t e r -
m i ttent or ephemeral type. Examples of s p r i n g s i n t h i s category ar e 
9 and 10; 14 and 15. S i m i l a r phenomena have been r e p o r t e d by Ternan 
(1972a) for limestone a r e a s . 
The occurrence of s p r i n g s i s governed by a number of f a c t o r s , such 
as p o s i t i o n of the water t a b l e , p o t e n t i a l for g e n e r a t i n g r e t u r n flow 
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and the presence of j o i n t s and f i s s u r e s . S e v e r a l s p r i n g s emerge, i n 
the v a l l e y f l o o r ( s p r i n g s 7, 11 and 18) and t h e i r presence i s e x p l a i n e d 
by the l o c a l height of the water t a b l e . Other s p r i n g s ( 1 , 2 and 3) 
a r e l o c a t e d on v a l l e y s i d e s and t h e i r p o s i t i o n depends on zones of 
decreased p e r m e a b i l i t y i n decomposed g r a n i t e . A f u r t h e r group of s p r i n g s 
(4, 14, 15, 17 and 21) occur at b a s a l c o n c a v i t i e s which conform to the 
c l a s s i c r e t u r n flow s i t e s ( K i r k b y , 1969), I n t e r f l o w i s c o n c e n t r a t e d 
by the c o n c a v i t y so that the water t a b l e i s c l o s e to or at the ground 
s u r f a c e . According to Hewlett and Hibbert (1963) and Dunne (1978) deep 
s o i l s can provide a l a r g e r e s e r v o i r for s u s t a i n e d flow. I n t e r f l o w from 
the h i l l s l o p e could t h e r e f o r e m a i n t a i n these s p r i n g s . S e v e r a l s p r i n g s 
a r e a s s o c i a t e d w i t h past mineral v e i n e x c a v a t i o n . Springs 9 and 13 
a r e l o c a t e d at the base of vegetated g u l l i e s r e l a t e d to mining a c t i v i t y , 
w h i l s t s p r i n g 20 and the source of the southern t r i b u t a r y of the N a r r a t o r 
Brook r i s e i n a d i t s ( F i g u r e 7.1). 
I n c o n c l u s i o n , topography, v a r i a t i o n s i n r e g o l i t h p e r m e a b i l i t y , 
the presence of f i s s u r e s and v e i n s and former mining a c t i v i t y must be 
taken i n t o account when c o n s i d e r i n g the l o c a t i o n of s p r i n g s . 
7.1,2. Hy d r o l o g i c a l evidence 
Discharge: The h y d r o l o g i c a l response of a s p r i n g to a storm o f f e r s 
an i n s i g h t i n t o the nature of the h y d r o l o g i c a l system, V notch w e i r s 
were i n s t a l l e d on s p r i n g s 4, 18 and 20 and were monitored weekly ( F i g u r e 
7,2). Discharge from s p r i n g 4, a permanent s p r i n g , was the g r e a t e s t 
of the three and ranged from 2.9 and 6,3 1 s " ^ . I t demonstrated the 
l e a s t v a r i a b i l i t y of flow, i r r e s p e c t i v e of recharge events such as a 
high input from snow melt, i n d i c a t i n g that i t i s s u p p l i e d by a l a r g e 
storage r e s e r v o i r . 
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Springs 18 and 20, i n t e r m i t t e n t s p r i n g s , showed g r e a t e r v a r i a t i o n 
i n flow, ranging from zero to 8.6 and 15.8 1 s ^ r e s p e c t i v e l y ( F i g u r e 
7.2). The maximum d i s c h a r g e c o i n c i d e d w i t h the snow melt i n February, 
i n d i c a t i n g a r a p i d response to recharge. 
Frequency of flow; Springs can be c l a s s i f i e d i n terms of t h e i r 
p a t t e r n s of flow. On a temporal b a s i s there a r e three types of flow: 
p e r e n n i a l , i n t e r m i t t e n t and ephemeral. P e r e n n i a l s p r i n g s flow throughout 
the year; i n t e r m i t t e n t s p r i n g s d i s c h a r g e for part of the y e a r , t h e i r 
flow c e a s i n g i n sunmer; ephemeral s p r i n g s flow only during f l o o d s . 
Of the 23 s p r i n g s i n the network, there were ten permanent, e l e v e n i n t e r -
m i t t e n t and two ephemeral. 
Permanent s p r i n g s : Permanent s p r i n g s (4, 5, 6, 7, 8, 11, 12, 13, 
14 and 16) were l o c a t e d i n the v a l l e y f l o o r , w i t h the e x c e p t i o n of s p r i n g 
4, which o c c u r r e d on the v a l l e y s i d e at the base of a hollow ( F i g u r e 
7.1). I n any c l u s t e r , permanent s p r i n g s were g e n e r a l l y n e a r e s t to the 
Narrator Brook and f a r t h e s t from the d i v i d e . I n p a r t i c u l a r , s p r i n g s 
12 and 13 continued to flow s t r o n g l y throughout the sumner, suggesting 
a l a r g e catchment a r e a . 
I n t e r m i t t e n t s p r i n g s : I n t e r m i t t e n t s p r i n g s ( 1 , 2, 3, 9, 15, 17, 
18, 20, 21, 22 and 23) were l o c a t e d f u r t h e r upslope than the permanent 
s p r i n g s ( F i g u r e 7.1). They d i s c h a r g e for 40 to 80% of the year, c e a s i n g 
to flow at the end of June and comnencing ag a i n during the autumn ( F i g u r e 
3.17). There appeared to be no simple r e l a t i o n s h i p between c e s s a t i o n 
of flow and i t s subsequent cormiencement, For example, s p r i n g s 1 and 
21, which were amongst the f i r s t to cease to flow (May), were the l a s t to 
conmence d i s c h a r g e i n November. T h i s suggests that they were c o n t r o l l e d by 
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the height of the water t a b l e . However, s p r i n g 3, which i s f u r t h e r 
upslope than s p r i n g 1, ceased to flow l a t e r than these (25th J u l y ) and 
conmenced on 31st October. T h i s o b s e r v a t i o n suggests that there a r e 
d i s c r e t e water pathways through the g r a n i t e , a view ^ i c h i s supported 
by evidence from.boreholes showing that some s p r i n g s a r e fed by perched 
s a t u r a t e d zones. 
Ephemeral s p r i n g s : Springs 10 and 19 were both ephemeral s p r i n g s 
and flowed for 10 weeks. Each was a s s o c i a t e d w i t h another s p r i n g downslope 
s p r i n g 10 w i t h 9, and s p r i n g 19 w i t h 20. They appeared to a c t i n a 
s i m i l a r manner to i n t e r f l o w pathway type 3 ( S e c t i o n 6.1), w i t h s a t u r a t i o n 
upwards from the major flow route during wet weather c a u s i n g 'flood' 
water to emerge a t these s i t e s . 
7.1.3. Temperature v a r i a b i l i t y 
An a l t e r n a t i v e approach to the c o n s i d e r a t i o n of s p r i n g sources 
i s based on temperature v a r i a b i l i t y d a t a . The nnethod has p r e v i o u s l y 
been used as part of georaorphological r e s e a r c h i n t o f l u v i a l p r o c e s s e s 
i n limestone a r e a s by Ternan { 1972a), and P i t t y e ^ al_ (1979). I t assumes 
that s p r i n g s fed by s h a l l o w sources w i l l have the g r e a t e s t annual tempera-
ture v a r i a b i l i t y and deeper so u r c e s the l e a s t . T h i s i s because the 
temperature of the s o i l and s o i l water shows the g r e a t e s t seasonal change, 
w h i l s t that of the deeper r e g o l i t h and groundwater i s almost c o n s t a n t . 
Temperature v a r i a b i l i t y , t h e r e f o r e , d e c r e a s e s w i t h depth ( F i g u r e 7.3). 
However, short term v a r i a b i l i t y may a l s o e x i s t where water w i t h a s h o r ^ ^ 
r e s i d e n c e time, such as q u i c k f l o w , mixes w i t h a deeper flow at the 
emergence. Short term v a r i a b i 1 i t y i s t h e r e f o r e imposed on the seasonal 
trend. 
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S e v e r a l sources of e r r o r may e x i s t : f i r s t l y the temperature of 
the s p r i n g may be a f f e c t e d by the s o i l temperature c l o s e to the source . 
T h i s w i l l not be of great s i g n i f i c a n c e w i t h s t r o n g l y flowing s p r i n g s 
but may have an eff&ct on seepages during p e r i o d s of low flow. Secondly, 
the temperature of p r e c i p i t a t i o n may have an e f f e c t i f the r e s i d e n c e 
time i n the s o i l i s s h o r t . 
Research i n t o temperature v a r i a b i l i t y of s p r i n g s i n non-limestone 
a r e a s has on l y been conducted by Ternan and W i l l i a m s (1979). P i t t y 
(1979b) compared t h e i r data f or the Narrator Catchment, Dartmoor w i t h 
h i s own r e s u l t s on the Pennines and showed that both were s u p p l i e d from 
deep s o u r c e s , a s evidenced by the r e l a t i v e l y narrow temperature v a r i a b i l i t y . 
The mean annual water temperature of the s p r i n g s and t h e i r s t a n dard 
d e v i a t i o n s ( s d ) a r e presented i n Table 7.1. R e s u l t s f or s p r i n g s 1, 
8 and 9 must be t r e a t e d w i t h c a u t i o n s i n c e t h e i r r i s i n g s were not c l e a r l y 
d e f i n e d and hence may have been a f f e c t e d by l o c a l i s e d s o i l temperatures. 
S i m i l a r l y r e s u l t s of f l o o d s p r i n g s 10 and 19 have been omitted because 
of t h e i r ephemeral nature. 
The standard d e v i a t i o n s of water temperatures, from each-.spring'in T a b l e 
7.1 were grouped together and the data p r e s e n t e d as a histogram ( F i g u r e 
7.4). The d i s t r i b u t i o n i s somewhat skewed towards lower temperature 
v a r i a b i l i t y , w i t h the median being 0.54° C. There appears to be a continuum 
of s p r i n g s i s s u i n g from depth, to those s u p p l i e d by s h a l l o w s o u r c e s . 
Springs 5, 6, 12, 13 and 20 are c h a r a c t e r i s e d by an extremely narrow 
annual temperature range ( l e s s than 0.3°, Ta b l e 7.1). From the evidence 
of F i g u r e 7.3, they are s u p p l i e d from depth g r e a t l y i n e x c e s s of 20 m. 
Comparison of the mean summer and mean w i n t e r temperature shows o n l y 
a n e g l i g i b l e d i f f e r e n c e ; the r e s i d e n c e time must be s u f f i c i e n t l y long 
for the water temperature to come in t o e q u i 1 i b r i u m w i t h the surrounding 
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Table 7.1 Flow d u r a t i o n and water temperature c h a r a c t e r i s t i c s of 
sampled s p r i n g s , based on a l l weeks i n which flow o c c u r r e d 
(14/2/77 to 13/2/78) (Sumner months are Apr.to Sept., 
w i n t e r months are Oct,to Nfer.) 
Spring Duration Annual Sumner Winter 
( F i g u r e 7 .1 ) of f low Temp. (°C) Temp,('C) Temp. (**C) 
(%) X o- X O" X cr 
1 42 8,70 0.80 8.19 O.Ol"*" 8,77 0.83 
2 58 8.92 0.40 8.59 0.08 9,08 0.39 
3 78 7.98 1.37 8.16 1.25 7,87 1.42 
4 100 9.66 0.49 9.71 0.54 9.63 0.45 
5 100 9.21 0.12 9.21 0.10 9.20 0.13 
6 100 9.53 0.09 9,52 0.07 9.55 0.10 
7 100 9,37 0,65 9.29 0.55 9.43 0.70 
8 100 8,76 1.49 9.49 1.09 8.18 1.52 
9 54 -- -- -- — 8.61 0.21 10** 21 — — — — 
11 100 9.90 0.88 10.07 0.83 9.76 0.89 
12 100 9.83 0.13 9.79 0.15 9.85 0.11 
13 100 9.83 0.26 9.82 0,29 9,85 0.23 
14 100 9.66 0.59 9.84 0.69 9.53 0.45 
15 81 9,62 0.77 9.78 1.02 9.54 0.58 
16* 100 10.42 1.11 11.33 0.65 9.93 0.99 
17 79 9.48 0.67 9.71 0.55 9.36 0.69 
18 81 9.17 1,08 9.42 0.98 9,03 1.10 
19** 21 — — — — 9,47 0.14 
20 67 9,56 0,11 9.45 0.04 9.62 0,08 
21 54 9.48 0,34 9,14 0.22 9.63 0.26 
22 58 9.46 0.39 9,53 0.34 9.42 0,41 
23 58 8,84 1,27 9,48 1.19 8.40 1.13 
* Eig h t months samples only * 2 samples o n l y 
** Flood s p r i n g s 
240 
g r a n i t e . Seasonal f l u c t u a t i o n s of the a i r and s o i l temperature had 
no i n f l u e n c e . Even the snow melt during February, 1978, which reduced 
the temperatures of the other s p r i n g s , had no e f f e c t , confirming that 
they a r e s u p p l i e d from depth. The i n c r e a s e i n flow at s p r i n g 20, noted 
in S e c t i o n 7.1.2, as a r e s u l t of the snow melt, may i n d i c a t e a t r a n s l a t o r y 
flow d e v i c e i n o p e r a t i o n , accounting for the r a p i d r i s e i n d i s c h a r g e 
but c o n s t a n t temperature. 
With the e x c e p t i o n of s p r i n g 20, a l l these s p r i n g s are permanent 
and l o c a t e d i n the v a l l e y f l o o r . Spring 20 was dry for 16 weeks and 
l o c a t e d on the v a l l e y s i d e . 
S p r ings 3, 16, 18 and 23 are c h a r a c t e r i s e d by a l a r g e temperature 
v a r i a t i o n (sd > 1.0" C, Table 7.1). Springs 16 and 18 appear to be 
conducted along l a r g e s o i l p i pes about 1 m below the s u r f a c e and so 
may have a g r e a t e r v a r i a t i o n than i f they had emerged at the base of 
s l o p e . 
The remaining s p r i n g s for which water temperature data e x i s t are 
c h a r a c t e r i s e d by s.d. of 0.3 to 0.9" C. Springs 4, 7, 11 and 14 a r e 
permanent, w h i l s t 2, 15, 17, 21 and 22 a r e i n t e r m i t t e n t . I t i s p o s s i b l e 
that they may be s u p p l i e d by a s h a l l o w source mixing w i t h deeper c i r c u l a t i n g 
water, or that the water i s of short r e s i d e n c e time. S i t e s 4 and 14, 
for example, may be s u p p l i e d by i n t e r f l o w water mixing w i t h water from 
depth. The i n t e r f l o w source i s suggested by t h e i r l o c a t i o n and t h e i r 
sumner maximum temperature. Springs 2, 7 and 21 had a longer r e s i d e n c e 
time and the temperature peaked i n November. 
7.1.4. C l a s s i f i c a t i o n of s p r i n g s 
The f a c t o r s c o n t r o l l i n g the s p r i n g s are extremely complex, but 
i t i s p o s s i b l e to c l a s s i f y them on the b a s i s of t h e i r l o c a t i o n and tempera-
ture v a r i a b i l i t y (Table 7.2), The groups d e l i n e a t e d may be compared 
w i t h those d e r i v e d from the P r i n c i p a l Conponent Analyses of chemical 
data ( S e c t i o n 7 . 3 ) . 
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Table 7.2. C l a s s i f i c a t i o n of s o r i n R s based on l o c a t i o n and water 
temperature date 
C l a s s i f i c a t i o n S p r i n g s ( F i g u r e 7.1) Evidence 
V a l l e y f l o o r 7,11,12,13,16,18 S i t u a t e d i n v a l l e y f l o o r 
Slope c o n c a v i t y 4.14,15,17.21,22 Slope form i n d i c a t e s subsur-
face flow. Short term temp, 
v a r i a b i l i t y 
G u l l y s p r i n g s 8,9.10 Evidence of former mining 
act i v i t y 
Perched water t a b l e 1,2,3 C l a y l e n s e s found i n 
boreholes nearby 
Low temperature 
v a r i a b i 1 i ty 
5,6,19,20 S.d. temperature t<0.12°C a~^ 
Unknown 23 
Springs 10 and 19 a r e f l o o d s p r i n g s 
7.2, Chemical q u a l i t y of s p r i n g flow 
7.2.1. I n t r o d u c t ion 
The chemical q u a l i t y of s p r i n g d i s c h a r g e has been monitored almost 
e x c l u s i v e l y i n limestone a r e a s . The s p a t i a l and temporal v a r i a t i o n s 
i n water c h e m i s t r y have been s t u d i e d and the d i f f e r e n c e s r e l a t e d to f a c t o r s 
such as c l i m a t e (Smith and A t k i n s o n , 1976), geology (Douglas, 1968b), 
v e g e t a t i o n and s o i l s , b i o l o g i c a l p r o c e s s e s ( P i t t y , 1968), type of flow 
and r e s i d e n c e time ( S h u s t e r and White, 1971; Ternan, 1972b; H a l l i w e l l , 1979) 
IWo of the s t u d i e s conducted i n non-limestone a r e a s have been c a r r i e d 
out i n g r a n i t e r e g i o n s . Ternan and W i l l i a m s (1979) s t u d i e d s p r i n g s 
r i s i n g from Dartmoor g r a n i t e w h i l s t F e t h et_ al_ (1964) i n v e s t i g a t e d s p r i n g s 
emerging from g r a n i t i c r o c k s . S i e r r a Nevada, C a l i f o r n i a , F e t h et a l 
(1964) r e p o r t e d that about 95% of the mineral content i n the s p r i n g s 
was d e r i v e d from the s o i l and r e g o l i t h and that 50% of t h i s was a c q u i r e d 
during the f i r s t few hours to few weeks of contact between me l t i n g snow 
and the r e g o l i t h . The weathering of the s o i l and rock was found to 
be a f u n c t i o n of the a g g r e s s i v e n e s s of the water and to be dependent 
on the hydrogen ion content of the water, which i n turn was c o n t r o l l e d 
by the s o l u b i l i t y of CO2 ( S e c t i o n 6.3). T h e i r study a l s o emphasised 
the importance of the h y d r o l o g i c a l pathways and the chemical composition 
of thetmerging s p r i n g water. P e r e n n i a l (permanent) s p r i n g s were found 
to have a higher chemical c o n c e n t r a t i o n than the ephemeral ones. T h i s 
was a t t r i b u t e d to the d i f f e r e n c e i n r e s i d e n c e times. Ephemeral s p r i n g s 
were assumed to have a r e s i d e n c e time of a few hours, the water only 
t r a v e l l i n g a short d i s t a n c e through the r e g o l i t h before emerging. I n 
c o n t r a s t the permanent s p r i n g s had a long r e s i d e n c e time, the flow was 
slower, a l l o w i n g g r e a t e r opportunity for weathering to occur r e s u l t i n g 
i n higher c o n c e n t r a t i o n s . F e t h et_ al_ (1964) a l s o a s s e r t that water 
from ephemeral s p r i n g s i s c o n t i n u a l l y r e p l e n i s h e d w i t h the carbon d i o x i d e 
from the s o i l and so remains a g g r e s s i v e throughout i t s c o n t a c t w i t h 
the s o i l m i n e r a l s . Water moving to p e r e n n i a l s p r i n g s , having no renewed 
supply, reaches a maximum c o n c e n t r a t i o n imposed by e x h a u s t i o n of i t s 
supply of hydrogen i o n s . C o n s i d e r a t i o n of flow r o u t e s to s p r i n g s and 
r e s i d e n c e times a r e t h e r e f o r e e s s e n t i a l i n the understanding of t h e i r 
chemical q u a l i t y . 
W h i l s t t h e i r e x p l a n a t i o n appears e s s e n t i a l l y c o r r e c t , there a r e 
two weaknesses. F i r s t l y , the use of the terms ephemeral and p e r e n n i a l 
r e f e r s to frequency of flow and cannot be equated w i t h s h o r t and long 
r e s i d e n c e times. Frequency of flow and tetnperature f l u c t u a t i o n data 
from t h i s present study ( S e c t i o n 7.1,3.) have shown that i n t e r m i t t e n t 
and ephemeral s p r i n g s may be s u p p l i e d from depth and w i l l t h e r e f o r e 
have a long r e s i d e n c e time. Secondly, although t h e i r ephemeral s p r i n g s 
o n l y flow during snow melt, once t h i s has ceased the r e g o l i t h w i l l remain 
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moist and weathering w i l l c ontinue. The next snow melt w i l l f l u s h out 
the weathering products acciimulated e a r l i e r , r e s u l t i n g i n i t i a l l y i n 
high c o n c e n t r a t i o n s . 
O v e r a l l , the r e s e a r c h by Feth et_ al_ (1964) was e x c e p t i o n a l l y important. 
F i r s t l y , i t showed that the flow routes to the s p r i n g and the r e s i d e n c e 
time of the water must be c o n s i d e r e d i n order to understand the chemical 
q u a l i t y of s p r i n g s . Secondly, i t was one of the f i r s t s t u d i e s to c o n s i d e r 
the s o l u t e c o n c e n t r a t i o n of s p r i n g s w i t h i n a framework of thermodynamic 
e q u i l i b r i a . W h i l s t the l a t t e r owes much to G a r r e l s and C h r i s t (1965), 
Feth et_ al_ (1964) were amongst the f i r s t to demonstrate the value of 
the technique, 
7.2.2. Sp r i n g f l o w c h e m i s t r y 
The mean s o l u t e c o n c e n t r a t i o n s w i t h t h e i r s t a n dard d e v i a t i o n s were 
c a l c u l a t e d f o r the 23 s p r i n g s f or the p e r i o d 12/9/77 to 6/2/78 ( T a b l e 
7,3. F i g u r e s 7.5-7.11, time p e r i o d d i s c u s s e d i n S e c t i o n 3.2.6). Although 
c o n d u c t i v i t y , pH and s i l i c a l e v e l s were monitored from 14/2/77 ( F i g u r e 3.17) 
these r e s u l t s were not inc o r p o r a t e d i n t o t h i s t a b l e , and t h e r e f o r e the 
s i l i c a r e s u l t s a r e s l i g h t l y d i f f e r e n t from those recorded by Ternan 
and W i l l i a m s (1979) e.g. s p r i n g 1. 5.54 and 5.59 mg 1~^ r e s p e c t i v e l y . 
Table 7,3 shows that the s o l u t e c o n c e n t r a t i o n s i n the s p r i n g f l o w a r e 
s i m i l a r to those i n i n t e r f l o w d i s c h a r g e i n the g r a s s l a n d but l e s s than 
those recorded i n the bracken and f o r e s t (Table 6.4). 
I n t h i s s e c t i o n only the r e s u l t s f o r the permanent and i n t e r m i t t e n t 
s p r i n g s w i l l be conmented on. Average c o n d u c t i v i t i e s ranged from 55 pmhos 
cm ^ at s p r i n g 15 i n the g r a s s l a n d to 93 jjmhos cm ^ at s p r i n g 23 i n 
the f o r e s t ( F i g u r e 7.5). Permanent s p r i n g s 6 and 7 i n the f o r e s t had 
c o n d u c t i v i t i e s 50% higher than those of permanent s p r i n g s 14 and 16 
ou t s i d e the f o r e s t ( F i g u r e 7 , 5 ) . T h i s p a t t e r n was a l s o observed f or 
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Table 7.3. Sumnary s t a t i s t i c s f o r the s p r i n g f l o w chemistry 12/9/77 to 6/2/78. A r i t h m e t i c meait and standard 
-1 d e v l a t i o r e for e i g h t chemical parameters. (S.E.C. i n piihos cm at 25"C, a l l other ions except pH 
i n mg 1 ^) 
Spring l o c " S.E.C pH Na Ca Mg SiO. CI N 
jure i7, 1) X o- X o- X a X cr X O" X o- X o- X or 
1 F 65 .77 1 .46 4 .69 0.04 7 .39 0. 38 0 .77 0. 07 1.63 0. 14 1 .19 0.08 5.54 0.39 11,41 0.78 9 
2 F 71 .46 1 .44 4 .73 0.06 8 .04 0. 22 0 .99 0. 07 2.53 0. 02 1 .01 0,08 6.68 0.22 12.59 1.07 12 
3 F 89 .75 8 .72 4 ,57 0.09 8 .82 0. 54 0 .86 0. 10 1.68 0. 29 1 .35 0.16 7.43 0.33 15.20 1.20 13 
4 F 59 .64 1 .93 4 .77 0.15 7 .31 0. 33 0 .83 0. 06 1.26 0. 10 0 .96 0.04 6.38 0.36 11.00 0.40 19 
5 F 65 .22 1 .65 4 .80 0.07 7 .78 0. 33 0 .95 0. 06 1.84 1. 52 1 .06 0.04 7.32 0.42 11.84 0.53 17 
6 F 84 .60 3 .75 4 .92 0.06 9 .14 0. 26 1 .26 0. 07 2.89 0. 19 1 .51 0.16 10.08 0.64 14,77 1.37 17 
7 F 90 .97 3 .22 4 .87 0.10 9 .45 0. 33 1 .01 0. 08 3.46 0. 26 1 .31 0.07 7.60 0.48 16.82 0.85 18 
8 F 69 .82 7 .88 5 .51 0.24 8 .23 0. 45 1 .12 0. 08 2.10 0. 22 1 .29 0.22 9.74 0.52 11.96 1.16 19 
9 F 87 .80 1 .72 4 .80 0.06 9 .17 0. 24 1 .05 0. 08 2.25 0. 17 1 .85 0.06 9.26 0.60 14.72 0.66 9 
10 F 103 ,08 2 .31 4 .77 0.07 9 .48 0. 32 1 .01 0. 04 3.15 0. 31 2 .00 0.12 8.15 0.50 17,37 1.49 11 
11 G 60 .68 1 .74 4 .80 0.08 7 .22 0. 32 0 .86 0. 14 2.10 0. 10 0 .94 0.04 8.21 0.48 10.44 1.11 20 
12 G 60 .32 2 .40 4 .88 0.07 6 .90 0. 36 0 .94 0. 06 2.45 0. 20 0 .88 0.06 6.62 0.30 10.08 0.60 20 
13 G 58 .39 1 .08 4 .82 0.07 7 .15 0. 52 1 .10 0. 11 1.90 0, 17 0 .88 0.06 9.54 1.00 9,62 0.68 20 
14 G 55 .85 1 .19 4 .76 0.05 6 .66 0. 36 0 .80 0. 06 2.05 0. 21 0 .84 0,05 6.87 0.64 9,28 0.46 19 
15 G 55 .00 1 .77 4 .76 0.06 6 .62 0, 33 0 .81 0. 07 l.S'd 0. 17 0 .83 0,03 6.95 0,52 9.38 0.84 17 
16 G 53 .17 2 .85 4 .98 0.22 6 .80 0. 38 0 .59 0, 06 1.46 0. 08 0 .82 0.07 6,79 0.33 9.72 1.33 17 
17 G 54 .19 2 .19 4 .72 0.05 6 .62 0. 34 0 .72 0. 12 1.25 0. 10 0 .88 0.07 5.42 0.51 9.84 0.77 15 
18 G 57 .45 8 .37 4 .95 0,17 6 .80 0. 52 0 .59 0. 17 2.06 0. 35 0 .84 0.13 6,15 0.57 9.23 2.10 16 
19 G 70 .52 3 .28 5 .18 0.21 6 .52 0. 55 0 .89 0. 06 4.40 1. 07 0 .95 0.09 5.75 0.54 10,82 0.76 3 
20 G 62 .29 1 .95 4 .88 0.06 6 .80 0. 35 1 .02 0. 08 2.78 0. 08 0 .83 0.06 7,00 0.32 10.46 0.57 13 
21 G 59 .84 1 .42 4 .81 0.06 7 .14 0. 33 0 .78 0. 09 1.92 0. 10 0 .95 0.05 6.91 0.39 11.52 1.09 11 
22 F 58 .14 1 .12 4 .88 0.04 7 .01 0. 43 0 .66 0. 05 1.46 0. 12 1 .02 0.06 7.79 0.52 10.49 0.78 10 
23 F 92 .88 4 .05 4 .69 0.08 9 .45 0. 73 0 .81 0. 14 3.47 0. 79 1 .50 0.15 7.53 0.51 16.61 1.79 10 
F F o r e s t Spring G Non f o r e s t Spring 
a l l the ions except hydrogen and c a l c i u m for both permanent and i n t e r m i t t e n t 
s p r i n g s . Sodium, for example, ranged from 6.6 mg 1 ^ at s p r i n g 15 to 
9,4 mg 1 ^ at s p r i n g 7, and c h l o r i d e ranged from 9.2 mg 1*^ at s p r i n g 18 
to 16.8 mg 1 ^ a g a i n at s p r i n g 7. S i m i l a r l y the s i l i c a c o n c e n t r a t i o n s 
ranged from 5.4 mg 1 ^ at s p r i n g 17 to 10,1 mg 1 ^ at s p r i n g 6. No 
s p r i n g c o n t a i n e d l e s s than 5.0 mg l ' ^ s i l i c a at any time ( F i g u r e 7 , 9 ) . 
The c o e f f i c i e n t s of v a r i a t i o n c a l c u l a t e d for the data i n Table 
7,3 a r e about 3% for c o n d u c t i v i t y and g e n e r a l l y l e s s than 10% for s o l u t e 
c o n c e n t r a t i o n s . These f i g u r e s a r e lower than those found i n e i t h e r 
the l i t t e r f l o w or i n t e r f l o w and may r e f l e c t p a r t l y the g r e a t e r frequency 
of flow as w e l l as the s t a b i l i t y of the chemical system through which 
the water has passed. 
The r e s u l t s of the s o l u t e c o n c e n t r a t i o n s of the s p r i n g s i n the 
Narrator catchment can be compared w i t h those emerging from g r a n i t e 
in the S i e r r a Nevada ( F e t h et_ al_, 1964) ( T ^ b l e 7.4). W h i l s t the d i f f e r e n c e 
between chemical c o n c e n t r a t i o n s i n permanent s p r i n g s and ephemeral s p r i n g s 
i n the S i e r r a Nevada i s e v i d e n t , i t i s not apparent i n the Narrator 
catchment, where the l e v e l s a r e i d e n t i c a l . S i l i c a has the highest concen-
t r a t i o n of weathering d e r i v e d s o l u t e s i n the two a r e a s s i n c e i t i s abundant 
and a v a i l a b l e both i n the m i n e r a l s and t h e i r weathering products i n 
the g r a n i t e . C o n c e n t r a t i o n s of sodium and c h l o r i d e a r e g r e a t e r for 
the Dartmoor r e s u l t s , r e f l e c t i n g the proximity of the catchment to the 
s e a . I f the atmospheric c o n t r i b u t i o n i s removed from the N a r r a t o r r e s u l t s 
then those from the S i e r r a Nevada are a l l h i g h e r , p a r t i c u l a r l y s i l i c a , 
sodium and potassium which are d e r i v e d p r i n c i p a l l y by h y d r o l y s i s of 
f e l s p a r . The higher c a l c i u m l e v e l s can be a t t r i b u t e d to the g r a n i t e s 
being c a l c i c i n soroe a r e a s ( F e t h et a l , 1964). 
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Table 7.4. Mean r e s u l t s f o r e i g h t chemical parameters i n s p r i n g 
w a t e r s from g r a n i t e i n S i e r r a Nevada, C a l i f o r n i a and 
Na r r a t o r , Dartmoor. (S E.C. i n pnhos cm"^ at 25°C, a l l 
other ions except pH i n mg 1 ^) 
S i e r r a Nevada ^  2 N a r r a t o r Catchment 
Permanent Ephemera 1 Permanent Intermi t tent 
n = 56 n = 15 n = 10 + Ephemeral 
n = 13 
S.E.C 94 35 66 71 
pH 6.8 6.2 4.9 4.8 
Na 5.9 3.0 7.7 7.7 
K 1.6 1.1 0.9 0.9 
Ca 10.4 3.1 2.2 2.3 
Mg 1.7 0.7 1.0 1.2 
SiO^ 24.6 16.4 7.9 7.0 
CI 1.1 0.5 11.6 12.3 
1 F e t h et_ al_ ( 1964) 
2 Present study, mean of r e s u l t s i n Ta.ble 7.4 
For completeness the i o n i c composition of s e l e c t e d s p r i n g s f r a n 
Table 7.3 i s presented i n m,e, 1 ^ i n Table 7,5. R e p r e s e n t a t i v e s p r i n g s 
chosen from the v a r i o u s groups d e l i n e a t e d i n Table 7.2 i n c l u d e a v a l l e y 
f l o o r s p r i n g ( 7 ) , slope c o n c a v i t y s p r i n g (14) and perched water t a b l e 
type (2) as w e l l as s p r i n g s i n the f o r e s t and non-forested a r e a s . The 
c a t i o n s i n order of importance a r e 
NaS C a " ^ Mg^ ''> K " > 
T h i s order i s s i m i l a r to that of i n t e r f l o w i n the g r a s s l a n d . 
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Table 7.5. Springflow chemistry, mean c o n c e n t r a t i o n s i n m.e. 1 
for s e l e c t e d s p r i n g s . 12/9/77 to 6/2/78 
Spr i ng Duration of flow % H Na K Ca Mg CI 
2 58 0.02 0.35 0.03 0.13 0.08 0.35 
5 100 0.02 0.33 0.02 0.09 0.08 0.33 
7 100 0,01 0,41 0.03 0.17 0.10 0.47 
10 21 0.02 0,41 0.03 0.16 0.15 0.49 
14 100 0.02 0.29 0.02 0.10 0.06 0.26 
Mean Perm^ 0.01 0.33 0.02 0.11 0.08 0.33 
Mean of permanent s p r i n g s i n Table 7.5 
7.2.3. S p a t i a l v a r i a t i o n s i n the water c h e m i s t r y of s p r i n g s 
a. V a r i a t i o n between f o r e s t e d and non-forested a r e a s 
The water chemistry of the s p r i n g s depends on a number of f a c t o r s , 
such as the che m i c a l s a c q u i r e d a t e a r l i e r p o i n t s i n the h y d r o l o g i c a l 
c y c l e and r e s i d e n c e time of water before reaching the s p r i n g emergence. 
In p a r t i c u l a r the c o n t r o l e x e r c i s e d by v e g e t a t i o n on the s o l u t e s gained 
by l i t t e r f l o w a n d i n t e r f l o w has been emphasised ( S e c t i o n s 5.3.2 and 
6,3.2). 
I n t h i s s e c t i o n i t i s only p o s s i b l e to d i s t i n g u i s h between those 
s p r i n g s emerging w i t h i n the f o r e s t and those i n non-forested a r e a s . 
Sol u t e c o n c e n t r a t i o n s from these two d i s t i n c t a r e a s were compared using 
the Mann-Whitney U t e s t and the r e s u l t s a r e presented i n Ta b l e 7.6. Con 
d u c t i v i t y and the c o n c e n t r a t i o n s of a l l ions except c a l c i u m and hydrogen 
of s p r i n g s emerging i n the f o r e s t were s i g n i f i c a n t l y higher than those 
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r i s i n g i n the non-forested a r e a . T h i s i s probably due to the p r o c e s s e s 
o p e r a t i n g w i t h i n the f o r e s t r e s u l t i n g i n i n c r e a s e d e v a p o t r a n s p i r a t i o n 
( S e c t i o n 6,2,1), i n c r e a s e d weathering ( S e c t i o n 6.3.2) and enhanced 
atmospheric entrapment ( S e c t i o n 4.2). 
Table 7.6. Mean c o n d u c t i v i t y and c o n c e n t r a t i o n s of ions from s p r i n g 
w a t e r s i n the f o r e s t e d and non-forested a r e a s and the 
s i g n i f i c a n c e of the d i f f e r e n c e between the means^, {S.E.C, 
i n ^imhos cm ^ at 25 X , a l l other ions i n mg 1 ^ except pH) 
Non-forest F o r e s t S i g n i f icance 
L e v e l 
S.E.C 58,90 78.26 0.001 
pH 4,87 4,83 n,s. 
Na 6,84 8.51 0.001 
K 0.83 0.95 0.05 
Ca 2.20 2.31 n, s. 
Mg 0.88 1,34 0.001 
SiO^ 6.99 7.79 0,05 
CI 10.03 13,73 0,001 
^ The 
was 
d i r e c t i o n a l h y p o t h e s i s 
s i g n i f i c a n t l y g r e a t e r 
was 
than 
that each mean of the f o r e s t s p r i n g s 
the non-forested s p r i n g s 
The c o n d u c t i v i t i e s of water sampled i n f o r e s t s p r i n g s ranged from 
60 to 104 pahos cm~\ w i t h a mean of 78 ;imhos cm'^ (Table 7.3), The 
lowest c o n d u c t i v i t y at s p r i n g 4 (60 ;jmhos cm**^) was p o s s i b l y due to 
i t s l o c a t i o n at the edge of the f o r e s t . Thus t h i s s p r i n g i s s i m i l a r 
to those r i s i n g i n the a c i d g r a s s l a n d and bracken. Hp-wever, s p r i n g 23, 
a l s o at the edge of the f o r e s t had the high e s t of the s p r i n g c o n d u c t i v i t i e s , 
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excluding the ephemeral springs. This suggests that w h i l s t v e g e t a t i o n 
type i s important, other f a c t o r s such as the h y d r o l o g i c a l route t o the 
po i n t of emergeace must a l s o be considered (Section 7.1.2). Springs 
emerging i n s i t e s not associated w i t h the f o r e s t had c o n d u c t i v i t i e s 
ranging from 53 to 62 ^ mnhos cm ^, excluding ephemeral s p r i n g 19 (71 
pnhos cm S. The highest c o n d u c t i v i t i e s i n both the f o r e s t and non-
fores t e d areas occurred at the ephemeral springs probably as a r e s u l t 
of f l u s h i n g of accumulated weathering products. 
Sodium and c h l o r i d e ions e x h i b i t e d a p a t t e r n s i m i l a r to that f o r 
c o n d u c t i v i t y , being greatest i n the f o r e s t . The sodium concentrations 
i n water samples from the non-forested area ranged from 6 , 6 t o 7 . 1 m g l ^ 
and so are lower than the concentrations i n samples obtained from the 
fo r e s t (7.1 t o 9,4 mg 1~S. This r e s u l t was s i m i l a r t o that f o r the 
c h l o r i d e c o n c e n t r a t i o n s . The maximum c h l o r i d e concentrations found 
i n the f o r e s t were almost double those found i n the grassland and bracken 
areas. 
The t r e n d f o r potassium concentrations i s s i m i l a r t o c o n d u c t i v i t y 
and the other ions. Concentrations i n the f o r e s t were i n the range 
0.8 t o 1.3 mg 1 ^ and were s i g n i f i c a n t l y higher than those o u t s i d e , 
0.6 to 1.0 mg 1"^ (Table 7,3), a p a t t e r n i d e n t i c a l t o that observed 
i n i n t e r f l o w (Section 6.3.2). The higher potassium l e v e l s i n the f o r e s t 
may be due to more potassium being cycled through the system, but since 
the r e c y c l i n g mechanism i s so e f f i c i e n t , the higher l e v e l s may be due 
to greater weathering i n the f o r e s t . 
Calcium concentrations i n springs were s i m i l a r i n both areas (Table 
7.6). This r e s u l t i s i n co n t r a s t w i t h that f o r i n t e r f l o w , i n which 
the l e v e l s of calcium were greatest i n the grassland (Section 6.3.2). 
Possibly a d d i t i o n a l weathering has occurred along the f o r e s t pathways 
so that l e v e l s are s i m i l a r along both. 
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Magnesiima concentrations i n the f o r e s t springs are s i g n i f i c a n t l y 
higher (0.001 l e v e l , Table 7.6) than those from the non-forest. Forest 
samples range from 1.0 t o 2,0 mg 1 ^ w h i l s t non-forest are 0.8 t o 1.0 
mg l""^ (Table 7.3). Possibly these higher concentrations may be a t t r i b u t e d 
to more e f f i c i e n t d r y f a l l o u t entrapment w i t h i n the f o r e s t (Section 4.2). 
The s i l i c a concentrations are i n the order f o r e s t > n o n - f o r e s t , 
which i s i d e n t i c a l w i t h the sequence f o r the i n t e r f l o w concentrations 
(Section 6.3.2) and f o r s o i l - w a t e r (Section 6.4), The concentrations 
are s i g n i f i c a n t l y higher (0.05 l e v e l . Table 7.6) as a r e s u l t of decreased 
q u a n t i t i e s of water leaching through the regoiiHi, and increased r a t e s 
of d i s s o l u t i o n r e s u l t i n g from the release of carbon d i o x i d e and c h e l a t i n g 
agents from the decaying le a f l i t t e r (Section 6.3,2). 
b. Spring chemistry i n r e l a t i o n t o hydrology 
The springs were c l a s s i f i e d on the basis of t h e i r frequency of 
flow (Section 7.1.2). The mean sol u t e concentrations f o r the permanent 
and i n t e r m i t t e n t plus ephemeral springs appear t o be s i m i l a r (Table 7.4) 
and no s i g n i f i c a n t d i f f e r e n c e between the two groups of springs was 
found. This r e s u l t suggests t h a t frequency of f l o w i s not 
i n f l u e n c e d by residence time (Section 7.1.2). This i s i n c o n t r a s t w i t h 
the r e s u l t s presented by Feth et_ al^ (1964) because t h e i r ephemeral springs 
had only short residence times. I n the Narrator catchment, n e i t h e r 
i n t e r m i t t e n t nor ephemeral springs can be equated w i t h short residence 
times. 
Using the groups of springs i n Table 7.2, a Mann-Whitney U t e s t 
was conducted to determine whether the s o l u t e chemistry of v a l l e y f l o o r 
springs (7, 11, 12. 13, 16 and 18) was s i g n i f i c a n t l y higher than the 
slope concavity ones (4, 14, 15, 17, 21 and 22, Table 7.7). For most 
of the ions there was no d i f f e r e n c e . When however the exercise was 
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repeated using o n l y springs of low temperature v a r i a b i l i t y (5, 6, 12, 
13 and 20) and slope concavity springs i t was found that the sol u t e 
Table 7.7 Mean c o n d u c t i v i t y and concentrations of ions from v a l l e y 
f l o o r and slope concavity springs and the s i g n i f i c a n t 
d i f f e r e n c e between the means^. (S.E.C. i n pmhos cm ^ 
at 25*0, a l l other ions i n mg 1 ^ except pH) 
V a l l e y f l o o r • Slope concavity Signi f icanc 
S.E.C. 63.49 57.11 n.s. 
pH 4.88 4.78 0.05 
Na 7.38 6.89 n.s. 
K 0.84 0.77 0.01 
Ca 2.24 1.63 0.05 
Mg 0.95 0.91 n.s. 
SiO^ 7.49 6.72 n.s. 
CI 10.98 10.24 n.s. 
The d i r e c t i o n a l hypothesis was that each mean of the v a l l e y f l o o r 
springs was greater than that of the slope concavity springs 
concentrations of a l l the ions except magnesium and c h l o r i d e , were 
s i g n i f i c a n t l y higher (Table 7.8). On the basis of low temperature 
v a r i a b i l i t y ( l e s s than 0.3*0 springs 5, 6, 12, 13 and p o s s i b l y 20 issue 
from deeper sources. Ions such as sodium, potassium, calcium and s i l i c a , 
d erived from weathering of the al u m i n o - s i 1 i c a t e m i n e r a l s , had higher 
concentrations suggesting that the water from depth had a longer residence 
time which ensured greater contact between water and the min e r a l s . 
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C h l o r i d e , unaffected by weathering processes, was not s i g n i f i c a n t l y 
d i f f e r e n t i n the low temperature v a r i a b i l i t y s p r i n g s . 
Table 7.8. Mean c o n d u c t i v i t y and concentrations of ions from low 
temperature v a r i a b i l i t y and slope concavity s p r i n g s , and 
the s i g n i f i c a n c e of the d i f f e r e n c e between the means^. 
(S.E.C. i n umhos cm'^ at 25*C, a l l the other ions i n 
mg 1*"^ except pH) 
Low Slope 
temperature concavi t y 
v a r i a b i l i t y springs springs 
S i g n i f i c a n c e 
l e v e l 
S.E.C. 66.16 57.11 0.01 
pH 4.86 4.78 0.01 
Na 7.55 6.89 0.05 
K 1.05 0.77 0.001 
Ca 2.37 1.63 0.01 
Mg 1,03 0.91 n. s. 
Si02 8,11 6.72 0.05 
CI 11.35 10.24 n.s. 
The d i r e c t i o n a l hypothesis was that the mean of each of the low 
temperature v a r i a b i l i t y springs was greater than t h a t of the slope 
concavity springs 
Examination of Figures 7.5 to 7,11 shows that there appears t o be 
an increase i n the sol u t e c o n c e n t r a t i o n towards the stream. For example 
c o n d u c t i v i t y increases downslope from springs 5 t o 7 and springs 17 
to 18 (Figure 7.5). This can be explained i n terms of an increased 
length of f l o w path downslope r e s u l t i n g i n a greater c o n c e n t r a t i o n as 
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residence time increases. O v e r a l l , however, c o r r e l a t i o n a n a l y s i s showed 
that the mean sol u t e c o n c e n t r a t i o n was not r e l a t e d t o distance from 
the d i v i d e (Table 7.9). The a r e a s supplying each s p r i n g are on l y 
l o c a l i s e d and depend on p e r m e a b i l i t y d i f f e r e n c e s i n the r e g o l i t h (Figure 
7.12), 
Table 7 .9. Rank c o r r e l a t i o n s between mean s p r i n g f l o w s o l u t e 
concentrations and s i t e f a c t o r s 
Distance t o 
d i v i d e 
n=21 
Relief, 
r a t i o 
n=21 
Local 
slope 
angle 
n=21 
Temperature 
n=18 
S.D. 
Temperature 
n=18 
S.E.C 0.00 ** 0.59 0.32 
** 
-0.61 0.46 
pH 0.20 0.19 0,53 0.14 0.23 
Na 0.00 0.57 0.34 ** -0,54 0.46 
K 0.25 0.49 0,28 -0.12 -0.10 
Ca 0.32 0.21 0.25 -0.12 0,06 
Mg 0.00 0,74 0.41 ** -0.61 0.56 
SiO^ 0.13 0,51 0.42 0.03 0.21 
CI 0.04 0.44 0,35 ** -0,55 0,40 
0. 001 s i gn i f i cance 1eve1 
** 
0. 01 s i g n i f icance l e v e l 
* 0. 05 s i g n i f icance l e v e l 
A second measure, the r e l i e f r a t i o , was used to determine the in f l u e n c e 
of the length of f l o w path. The r e l i e f r a t i o was c a l c u l a t e d as f o l l o w s : 
Tan 1 a l t i t u d e of d i v i d e - a l t i t u d e of s p r i n g 
h o r i z o n t a l distance from d i v i d e t o s p r i n g 
254 
A s i g n i f i c a n t c o r r e l a t i o n was obtained between the concentrations 
of a l l the ions, except hydrogen and calcium, and the r e l i e f r a t i o 
(Table 7,9). The springs emerging frcxn areas w i t h steep r e l i e f have 
higher concentrations than those w i t h more gentle r e l i e f . This i m p l i e s 
that springs emerging from steeper areas are supplied w i t h longer residence 
time water and emphasises the importance of t e r r a i n on f l o w paths. 
I n the steeper areas i t might also be argued that there i s more o p p o r t u n i t y 
f o r deeper moving water to emerge (Figure 7.12). Since t h i s water has 
had a longer residence time, the d u r a t i o n of contact between moving 
water and minerals i s greater and t h e r e f o r e there i s more o p p o r t u n i t y 
f o r weathering, assuming that e q u i l i b r i u m has not been reached. The 
slope angle i n the v i c i n i t y of the spring had a less s i g n i f i c a n t e f f e c t 
on the s o l u t e c o n c e n t r a t i o n than the r e l i e f r a t i o (Table 7.9), Therefore 
the r e l i e f r a t i o i s a b e t t e r index. 
C o n d u c t i v i t y and concentrations of sodium, magnesium and c h l o r i d e 
are s i g n i f i c a n t l y c o r r e l a t e d w i t h water temperature and water temperature 
v a r i a b i l i t y (Table 7.9). These ions are c l o s e l y associated w i t h one 
another, being mainly d e r i v e d from the atmosphere and not from weathering, 
The r e s u l t suggests that the springs w i t h higher temperature v a r i a b i l i t y , 
i . e . the shallower ones are more g r e a t l y a f f e c t e d by e v a p o t r a n s p i r a t i o n , 
r e s u l t i n g i n higher concentrations of these ions. The c o n c e n t r a t i o n 
tends to decrease w i t h depth as the i n f l u e n c e of e v a p o t r a n s p i r a t i o n 
i s reduced. 
7.2.4. Temporal v a r i a t i o n s i n s p r i n g f l o w chemistry 
The seasonal v a r i a t i o n i n s o l u t e concentrations i n s p r i n g waters 
may be r e l a t e d to b i o l o g i c a l , h y d r o l o g i c a l and geochemical c o n t r o l s . 
The spring geochemical system i s very complex as demonstrated above, and 
two springs were selected to examine c e r t a i n of the c o n t r o l s f u r t h e r . 
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Springs 13 and 14 were chosen on the basis t h a t they were the o n l y 
two permanent r i s i n g s f o r which almost a conplete year of chemical analyses 
e x i s t e d , and both were close to the grassland t r a n s e c t . Spring 13 i s 
located at the base of a slope which''has been e x t e n s i v e l y m o d i f i e d by 
excavation f o r t i n , and was c l a s s i f i e d as a v a l l e y f l o o r s pring (Table 
7.2), Spring 14 i s s i t u a t e d i n a hollow 2 m from the r i v e r and 20 m 
from p i t G4 (Figure 7.1) and was c l a s s i f i e d as a slope concavity s p r i n g . 
The seasonal trends f o r the two springs are presented i n Figures 7.13 
and 7.14. The i r most notable f e a t u r e compared w i t h trends f o r l i t t e r f l o w 
(Figures 5.11-5.13) and i n t e r f l o w (Figures 6.15-6.17) i s t h e i r constant 
nature. 
C o n d u c t i v i t y : C o n d u c t i v i t y at spring 13 was r e l a t i v e l y constant 
at approximately 57 ^ umhos cm~^ f o r the year. Large storms such as 72 nm 
on 29th August, 1977 and 39 rrni on 22nd January. 1978, d i d not a f f e c t 
the c o n d u c t i v i t y because the spring i s sup p l i e d by water from great 
depth (annual tenperature v a r i a b i l i t y 0.26°C). 
C o n d u c t i v i t y at sp r i n g 14 e x h i b i t s a s l i g h t seasonal t r e n d , i n c r e a s i n g 
from 53 pnhos cm ^ i n sunnier to 58 fjwhos cm ^ i n w i n t e r . This r i s e 
may be r e l a t e d t o f l u s h i n g of s a l t s i n w i n t e r as moisture l e v e l s i n 
the s o i l increased and w e t t i n g progressed down the r e g o l i t h , or may 
be associated w i t h higher atmospheric i n p u t s . 
pH: pH e x h i b i t e d a s l i g h t r i s e i n summer at both springs (Figures 
7.13 and 7.14) and i s the r e s u l t of loss of hydrogen due t o increased 
weathering of the f e l s p a r m i n e r a l s . 
Sodium: Sodium l e v e l s were v i r t u a l l y constant at both springs 
(Figures 7,13 and 7.14). The seasonal trends apparent i n i n t e r f l o w 
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(Section 6.3.3) are no longer d i s c e r n i b l e , w i t h concentrations being 
almost constant. There seems to be a very e f f i c i e n t b u f f e r i n g system 
i n o p e r a t i o n at both springs to maintain the sodium concentrations through-
out the year. The o n l y exception to t h i s was i n February. 1978 when 
snow m e l t , p o s s i b l y b r i n g i n g ' f l o o d routes' i n t o o p e r a t i o n d i l u t e d the 
sodium l e v e l s at s p r i n g 13 to 5.8 mg 1 ^ and at spring 14 to 5.7 mg 1 ^. 
C h l o r i d e : Chloride l e v e l s were also v i r t u a l l y constant throughout 
the year w i t h the exceptions of A p r i l and January, when concentrations 
rose s l i g h t l y due to higher atmospheric inputs (Figures 7,13 and 7.14; 
Figure 4.2). 
Potassium: Potassium concentrations remained low at both springs 
throughout the year (Figures 7.13 and 7.14), The extreme values noted 
i n l i t t e r f l o w (Section 5,3.3) and i n t e r f l o w (Section 6.3.3) have been 
removed by the e f f i c i e n t chemical b u f f e r i n g system of the r e g o l i t h . 
An e q u i l i b r i u m l e v e l i s maintained at approximately 1.1 mg 1 ^ at s p r i n g 
13 and 0,8 mg 1~^ at s p r i n g 14. 
Calcium: Calcium concentrations f l u c t u a t e d more than potassium 
or magnesium, but the l e v e l s were reasonably s t a b l e (Figures 7,13 and 
7.14). There was a s l i g h t increase i n w i n t e r , higher l e v e l s being 
associated w i t h p r e f e r e n t i a l displacement from exchange s i t e s at high 
fl o w s . 
Magnesiimi: Magnesium concentrations were low and constant at both 
springs (Figures 7.13 and 7.14). 
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Si 1ica: S i l i c a concentrations at spring 13 e x h i b i t e d a s l i g h t 
seasonal t r e n d , r i s i n g from 8.1 mg 1 ^ i n May to 11.8 mg 1 ^ at the 
end of August, d e c l i n i n g to 8,8 mg 1 ^ i n November (Figure 7.13). The 
minimum of 7 mg I ^ was recorded i n February, 1978. The s i l i c a r i s e 
i n summer i s due to a decreased amount of water passing through the 
system, probably combined w i t h a maximum weathering r a t e of the f e l s p a r s 
due to greater carbon d i o x i d e p r o d u c t i o n . 
Spring 14 e x h i b i t e d l i t t l e v a r i a t i o n i n s i l i c a c oncentrations through-
out the year (Figure 7.14). This s t a b i l i t y i s due to the e f f i c i e n t 
b u f f e r i n g of s i l i c a as discussed above (Section 6,3.3). B u f f e r i n g i s 
c o n t r o l l e d by the r e v e r s i b l e movement of s i l i c a and hydrated oxides 
of aluminium from amorphous surface l a y e r s of aluminium s i l i c a t e s and 
i n t o s o l u t i o n again (Paces, 1973; Douglas, 1978). 
Differences i n the s i l i c a behaviour of the two springs may be due 
to h y d r o l o g i c a l c o n t r o l s , but since attainment of p a r t i a l e q u i l i b r i a 
between aqueous and s o l i d phases occurs g e n e r a l l y w i t h i n hours (Smith 
and Dunne, 1977), they are more probably due to chemical r e a c t i o n s . 
pH exerts an important c o n t r o l on the s o l u b i l i t y of s i l i c a (Acquaye 
and T i n s l e y , 1965) and on the e q u i l i b r i u m r e a c t i o n s themselves. Therefore 
the s i l i c a concentrations may depend on the pH of the environment. 
The mechanisms responsible f o r supplying solutes to the springs 
from the r e g o l i t h act i n a con^lex manner. Extreme chemical concen-
t r a t i o n s noted f o r l i t t e r f l o w and i n t e r f l o w , induced by atmospheric 
and b i o l o g i c a l inputs have been reduced and the spring concentrations 
only vary w i t h i n narrow l i m i t s . Reversible ion exchange and b u f f e r i n g 
mechanisms ensure that the s o l u t e l e v e l s are almost constant. 
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7 . 2 . 5 . Springwater s o l u t e concentrations and hydrometeorological 
c o n d i t i o n s 
Rank c o r r e l a t i o n c o e f f i c i e n t s were c a l c u l a t e d between s p r i n g f l o w 
s o l u t e concentrations and hydrometeorological c o n d i t i o n s (Table 7 . 1 0 ) . 
The importance of the h y d r o l o g i c a l events was demonstrated i n Section 
7 . 2 . 3 and w i l l a f f e c t the t r a n s p o r t of products from the s i t e s of weathering 
Three permanent springs were selected f o r the a n a l y s i s : s p r i n g 7 
i n the f o r e s t , f o r which data e x i s t e d from September 1 9 7 7 to February 
1 9 7 8 and springs 1 3 and 1 4 i n the grassland, f o r v ^ i c h data were c o l l e c t e d 
from A p r i l 1 9 7 7 to March 1 9 7 8 . V a r i a b l e s included i n the a n a l y s i s were 
weekly t o t a l r a i n f a l l , the antecedent p r e c i p i t a t i o n index, mean d a i l y 
temperature and Cryer's ( 1 9 7 6 ) seasonal index. Maximum d a i l y t o t a l s 
and r a i n f a l l i n t e n s i t y , included i n l i t t e r f l o w (Section 5 . 3 . 4 ) and i n t e r -
f l o w (Section 6 . 3 . 4 ) analyses, were excluded because of the longer residence 
time of the s p r i n g water. 
The measures of r a i n f a l l and moisture had l i t t l e e f f e c t on the 
solu t e chemistry. Sodium concentrations were n e g a t i v e l y c o r r e l a t e d 
w i t h t o t a l p r e c i p i t a t i o n f o r the week (W.Tot) and the antecedent p r e c i p -
t a t i o n index (A P ^ Q) at springs 1 3 and 1 4 s i g n i f y i n g d i l u t i o n as the 
amount of water increased. However, at spr i n g 7 , none of the chemical 
measures was r e l a t e d to e i t h e r of these h y d r o l o g i c a l v a r i a b l e s , p o s s i b l y 
due t o the shorter p e r i o d of the record. 
The most important v a r i a b l e s were the seasonal f a c t o r s : temperature 
and the seasonal index (Table 7 . 1 0 ) , Sodium and potassium were n e g a t i v e l y 
c o r r e l a t e d w i t h the seasonal index at a l l three s p r i n g s , s i g n i f y i n g 
that concentrations were at a maximum i n summer. Calcium and magnesium 
were p o s i t i v e l y c o r r e l a t e d w i t h the seasonal index at springs 1 3 and 1 4 , 
demonstrating t h a t i n c o n t r a s t to sodium and potassium, they were at 
a maximum i n w i n t e r . S i l i c a r e s u l t s were very diverse (Table 7 . 1 0 ) 
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Thblo 7.10. Rmk correlat ions betaren ; ^ l n g aater f^ l u t e crrccntrat lcro ard 
hvxiraTBteoroIoalcal variables 
a . Spring 7 spring In forest (Rgure 7 .1) n ^ 12 
W.Tbt. APjo Tsrp S . I . 
S . E . C . 0.40 0.35 0.50 0.20 
F H -0.13 -0.21 0.10 -0.21 
th 0.07 -0.14 0.72 -0.50 
K 0.00 0.12 0.86 -0.63 
Cd 0.14 0.00 0.21 -0.22 
0.25 0.28 0.42 -0.23 
-O.04 -0.12 0.67 
*• 
-0.71 
C l 0.28 0.20 -0.14 0.21 
b. fpr lns 13, ^ ( 1 1 3 tn grnsslaid (Figure 7 .1 ) n = O 
0.08 -0.05 -0.07 0.10 
F H 0.07 -O.Ifl 0.54 
«• 
-0.51 
fh -0.37 -0.44 0.53 -0.62 
K -0.28 
• t • 
-0.46 0.41 
•« 
-0.55 
Ca 0.39 0.39 -0.40 
«• 
0.63 
f-^  0.16 0.17 -0.19 0.40 
SiO^ 0.00 -0.17 0.28 -0.17 
C l - O . U 0.12 0.15 -0.24 
c . Spring 14, spring In grassland ( F i - - r e 7.1) n = 39 
S . E . C . -0.28 -0.19 -0.24 0.19 
F H O.OI -0.12 0.53 -0.33 
Ni -0.44 
«• •* 
-0.52 0.53 
*• 
-0.48 
K -0.11 -0.25 0.28 -0.31 
CA 0.13 0.22 -0.38 
• « 
0.55 
^^  0.09 0.15 0.12 0.35 
SIO^ 0.13 0.04 -0.39 0.36 
C l -0.25 -0.30 -0.13 -0.21 
«• 
0.01 s ignif icance Ic-.'el W.Tot. Total precipitat ion for the vveck 
• 
0.05 s l g n i f i c s r c e Ic'vel A°jg /Vitocecniit precipitat ion ittlfrt 
Terrp. .'<banchlly torpcrature 
5 .1 . Soasoml Incirc 
2 6 0 
being n e g a t i v e l y c o r r e l a t e d w i t h the seasonal index at s p r i n g 7, p o s i t i v e l y 
c o r r e l a t e d w i t h the seasonal index at s p r i n g 14 and not r e l a t e d i n any 
way at s p r i n g 13, At spring 7 the negative c o r r e l a t i o n shows that there 
i s a sunmer s i l i c a maximum, a p a t t e r n e x h i b i t e d by s i x of the ten permanent 
springs. Spring 14 was p o s i t i v e l y c o r r e l a t e d , demonstrating a w i n t e r 
maximum. Three other permanent springs had a w i n t e r maximum i n s i l i c a 
c o ncentration (springs 5, 6 and 12). 
The conq^lex nature of the spring chemistry i s demonstrated by con-
s i d e r a t i o n of the ten^joral p a t t e r n s of the i n d i v i d u a l ions. The s o l u t e 
concentrations are subject to many c o n t r o l s such as discharge, f l o w 
through time, f l u s h i n g of accumulated s a l t s , t r a n s p o r t of chemical products, 
tenperature, m o b i l i t y , ion exchange, weathering and chemical b u f f e r i n g . 
The very i n d i v i d u a l behaviour of each s p r i n g i n d i c a t e s that the chemistry 
i s the r e s u l t of the i n t e r a c t i o n of a number of these f a c t o r s . More 
research needs to be d i r e c t e d at examining both short term and long 
term chemical v a r i a t i o n . 
7.3. P r i n c i p a l components a n a l y s i s of s p r l n g f l o w chemistry data 
P r i n c i p a l components a n a l y s i s was used to i n v e s t i g a t e the chemical 
c h a r a c t e r i s t i c s of s p r i n g water: at the macroscale to c l a s s i f y the 
springs i n t o d i f f e r e n t types, and at the microscale, to examine the 
temporal v a r i a t i o n i n chemistry a t one s p r i n g . Such a study demonstrates 
the advantages of t h i s m u l t i v a r i a t e s t a t i s t i c a l method, and the l i m i t a t i o n s 
imposed by the accuracy and p r e c i s i o n of the chemical analyses. 
To c l a s s i f y the springs i n t o groups, the data set was sub-sampled 
s y s t e m a t i c a l l y , s e l e c t i n g every f i f t h week from 12/9/77 to 20/3/78 which 
reduced the number of samples from over 500 to 111 (Samples f o r 19/12/77 
were s u b s t i t u t e d f o r those of 26/12/77). The e i g h t chemical parameters 
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were entered t o the P.C.A. as p r e v i o u s l y . 
The f i r s t two components explained 73% of the variance (Table 7.11). 
Conponent I , e x p l a i n i n g 53% of the variance, i s dominated by c o n d u c t i v i t y , 
sodium, magnesium and c h l o r i d e , which again r e f l e c t s the importance 
of the marine derived s a l t s . Component I I , which explains 20% of the 
variance, i s observed to have high loadings f o r pH, s i l i c a and potassium, 
suggesting that i t i s in f l u e n c e d by weathering, Thus most of the v a r i a t i o n 
i n s p r i n g f l o w chemistry i s c o n t r o l l e d by the marine d e r i v e d s a l t s and 
those affected/produced by weathering, a r e s u l t i d e n t i c a l to the one 
fo r i n t e r f l o w chemistry (Section 6.5), 
Table 7,11. Component loadings on the f i r s t two p r i n c i p a l components 
of s p r i n g f l o w chemistry 
Conponent I 
Conduct i v i t y 
Sodium 
Magnesium 
Chloride 
Variance 
explained 
0.459 
0,439 
0.431 
0.401 
53% 
Component I I 
pH 
Si 1ica 
Potass ium 
Variance 
explained 
0.672 
0,573 
0.309 
20% 
Total variance explained 73% 
In order to c l a s s i f y the springs i n t o groups, the f i r s t two con?5onents 
of each sample were p l o t t e d on a scattergram, each p o i n t representing 
the chemical c h a r a c t e r i s t i c s of a water sample from a s p r i n g at one 
po i n t i n time. The distance between the p o i n t s i s an approximation 
of the degree of s i m i l a r i t y between samples and thus those samples which 
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c l u s t e r together are probably from s i m i l a r springs at s i m i l a r p o i n t s 
i n time. 
The p l o t s f o r the canponent scores are presented i n Figure 7,15. 
Samples are i d e n t i f i e d by the number of the s p r i n g alone, corresponding 
to those presented i n Figure 7.1, There i s a c l u s t e r i n g of p o i n t s w i t h 
low component scores on axes I and I I , w i t h a gradual divergence towards 
higher component I scores. The diagram can be s u b j e c t i v e l y p a r t i t i o n e d 
i n t o three groups i n terms of t h e i r chemistry. The greatest v a r i a t i o n 
i s along the f i r s t a x i s and so the springs have been grouped i n terms 
of c o n d u c t i v i t y and the concentrations of sodium, magnesium and c h l o r i d e . 
The f i r s t group, to the l e f t of the scattergram (Figure 7.15';) w i t h 
low component scores comprises 14 of the 23 springs namely, 1, 4, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 20, 21 and 22. I n terms of l o c a t i o n t h i s 
group contains both springs c l a s s i f i e d as v a l l e y f l o o r and slope c o n c a v i t y 
types. On the basis o f ten^erature v a r i a b i l i t y data they may be s u p p l i e d 
by e i t h e r deep or shallow sources. With the exception of springs 1 and 
4, the remainder were e i t h e r i n the grassland or bracken. Springs 1 
and 4 are located on the edge of the f o r e s t (Figure 7,1) and so i t i s 
possible that t h i s group of springs can be considered as non-forest 
springs. The second group, to the r i g h t of the scattergram, w i t h high 
ccanponent I scores, consisted of springs 6, 7, 8, 9, 10 and 23 (Figure 
7.15. These springs are a l l located i n the f o r e s t . The high conduc-
t i v i t i e s , a l l i n excess of 70 pnhos cm ^ at 25'*C and high concentrations 
of c h l o r i d e suggest that entrapment of c h l o r i d e aerosols by the spruce 
needles (Ericksson, 1955) and high r a t e s of e v a p o t r a n s p i r a t i o n have 
led to high s o l u t e c o n c e n t r a t i o n s . Spring 10, at the extreme r i g h t 
of Figure 7.15^, i s the only s p r i n g i n t h i s group on the v a l l e y side slope 
and i s an ephemeral s p r i n g supplied from shallow sources w i t h i n the 
f o r e s t . The high s o l u t e concentrations may be due to the f l u s h i n g of 
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accumulated s a l t s d u r i n g each event or to the nature of the m a t e r i a l 
through which the water has flowed. The t h i r d group of s p r i n g s , t r a n s i t i o n a l 
between the o t h e r s , c o n s i s t s of springs 2, 3 and 5 (Figure 7.1£ ) . These 
springs are a l l located i n mid-slope l o c a t i o n s i n the f o r e s t . 
There i s l i t t l e v a r i a t i o n along the second a x i s , the m a j o r i t y of 
p o i n t s being located i n the lower h a l f of Figure 7.15... Springs 6, 
8 and 13 deserve special a t t e n t i o n since they have high conponent I I 
scores. This i s because of t h e i r high s i l i c a c o n c e n t r a t i o n s , which 
were greater than 9.5 mg l'^. Spring 8 emerges at the base of steep 
slopes (21^) w h i l s t springs 6 and 13 have low temperature v a r i a b i l i t y , 
a l l being i n d i c a t i v e of deep sources. 
The grouping of springs depends mainly on the v e g e t a t i o n type and 
confirms the r e s u l t s i n Section 7.2.3 that the f o r e s t increases the 
s o l u t e c o n c e n t r a t i o n s . As the major v a r i a t i o n i s w i t h sodium, magnesium 
and c h l o r i d e , i t suggests t h a t entrapment of atmospheric aerosols i s 
more important than e i t h e r increased e v a p o t r a n s p i r a t i o n or d i s s o l u t i o n 
since a l l the other ions would also have increased. The higher s i l i c a 
c oncentrations of springs 6, 8 and 13 i d e n t i f i e d by a x i s I I were p o s s i b l y 
due t o the water being s u p p l i e d from depth, on the basis of tranperature 
v a r i a b i l i t y and slope angle i n the v i c i n i t y of the s p r i n g . 
Spring 14: P r i n c i p a l Components Analysis was used to study the 
v a r i a t i o n i n the chemical c h a r a c t e r i s t i c s of s p r i n g 14 through time. 
This spring i s located about 20 m from G4 (Figure 7.1) and was selected 
because a f u l l set of chemical data e x i s t s f o r the year. 
The f i r s t four components explained 77% of the variance, a l l com-
ponents possessing eigenvalues greater than 1.0. Component I , which 
explains 33% of the v a r i a n c e , comprises calcium, sodium, hydrogen and 
potassium as the dominant ions. (Table 7.12), Component I I . e x p l a i n i n g 
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16% of the variance, i s dominated by c h l o r i d e and c o n d u c t i v i t y and so 
i s s i m i l a r t o the marine d e r i v e d components discussed above. Components 
I I I and IV which together e x p l a i n 28% of the variance are observed to 
have h i g h loadings f o r s i l i c a , magnesium, c h l o r i d e and c o n d u c t i v i t y . 
The s i t u a t i o n i s more complicated than when considering the chemical 
c h a r a c t e r i s t i c s of a l l the springs because of the great constancy i n 
concentrations as discussed above (Section 7.2,4). For example, the 
ranges of s i l i c a and c h l o r i d e at sp r i n g 14 were o n l y from 5.2 t o 8,6 
mg 1 ^ and 8.4 to 11.3 mg 1~^ r e s p e c t i v e l y . 
Table 7.12 Comoonent loadincs on the f i r s t 
of s p r i n g f l o w chemistry at s i t e 
four p r i n c i p a l components 
14 
Component I 
Ca1c i um 
Sodium 
pH 
Potassium 
Variance 
explained 
-0.528 
0.487 
0.445 
0.430 
33% 
Component I I 
Chloride 
Conductivi t y 
Variance 
explained 
0.614 
0,506 
16% 
Component I I I 
Magnesium 
Chloride 
Variance 
explained 
0.604 
-0.537 
15% 
Component IV 
Si 1 lea 
pH 
Variance 
explained 
0.697 
-0.508 
13% 
T o t a l variance explained 77% 
Components I and IV are measures of the weathering derived ions, 
w h i l s t components I I and I I I are marine d e r i v e d . V a r i a t i o n i n the 
weathering d e r i v e d ions has t h e r e f o r e assumed greater prominence than 
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observed i n l i t t e r f l o w and i n t e r f l o w . The P.C.A, has i d e n t i f i e d these 
ions w i t h the highest c o r r e l a t i o n w i t h the seasonal index (Table 7.10) 
as being most important. Whereas calcium i s n e g a t i v e l y loaded, sodium. 
pH and potassium are a l l p o s i t i v e l y loaded. 
The component scores have been p l o t t e d on axes I and I I (Figure 
7.16..., The f i r s t p l o t i d e n t i f i e s the sequence of samples and the 
second t h e i r month of c o l l e c t i o n . Before examining the p l o t s i n d e t a i l 
i t must be stressed t h a t the chemical concentrations at s p r i n g 14 showed 
almost constant l e v e l s (Section 7.2,4) and t h e r e f o r e the scattergrams 
tend to exaggerate the amount of v a r i a t i o n . The low v a r i a t i o n can be 
i l l u s t r a t e d by considering the l i m i t e d extent of p o i n t s of spring 14 
on Figure 7.15 . 
Consideration of Figure 7.16j and over l a y shows that there i s a 
seasonal trend w i t h calcium l e v e l s decreasing from s p r i n g to sunmer 
as the sodium, pH and potassium l e v e l s increased (e.g. samples 17 and 
19 i n August). Chloride and c o n d u c t i v i t y l e v e l s decreased during t h i s 
time and then remained low f o r most of the year. During the autumn 
and w i n t e r the sample p o i n t s moved from r i g h t t o l e f t of the diagram 
(Figure 7.16 ov e r l a y ) as the cOTponent I scores decreased. This s i g n i f i e s 
an increase i n calcium concentrations and decrease i n sodium, pH and 
potassium l e v e l s (e.g. samples 40 and 41 i n February), 
The chemical s t a b i l i t y of the system i s enphasised by considering 
p o i n t s 40 and 41, v ^ i c h represent samples before and a f t e r the b l i z z a r d s 
i n February, 1978. The small v a r i a t i o n i n concentrations can be i l l u s t r a t e d 
by calcium, f o r example, which decreased from 2.25 to 2.22 mg l"^ and 
sodium which increased from 5.3 t o 5.8 mg 1 ^ . Chl o r i d e remained s t a b l e 
at 9.5 mg 1 " ^ 
To some extent t h i s s e c t i o n on the P.C.A. of springs has shown 
both the advantages and l i m i t a t i o n s of the method. When a l l the springs 
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were examined the method formed the basis of c l a s s i f y i n g them on the 
basis of t h e i r water chemistry. This c l a s s i f i c a t i o n i s explored f u r t h e r 
i n Section 7.4, However, the method i s less s a t i s f a c t o r y where chemical 
v a r i a t i o n i s minimal such as at spring 14, 
7.4. Sunmary 
At the conmencement of t h i s study h y d r o l o g i c a l f a c t o r s such as 
r a t e of f l o w and depth of f l o w , were thought to act as o v e r r i d i n g c o n t r o l s 
on spring water chemistry. However, the chemical system of the springs 
i s e x c e p t i o n a l l y conplex, as t h i s chapter has shown, and o n l y v e g e t a t i o n 
type could be used to e x p l a i n the v a r i a t i o n i n chemistry. Depth of 
f l o w may also be important i n so f a r as the springs supplied by shallow 
sources are more l i k e l y t o be a f f e c t e d by e v a p o t r a n s p i r a t i o n . 
I n order to show the i n f l u e n c e or lack of e f f e c t of the physical 
f a c t o r s on spring chemistry, p o i n t s on the P.C.A. scattergram (Figure 
7.15) representing the chemical c h a r a c t e r i s t i c s of each sp r i n g on 19th 
December, 1977 were p l o t t e d on Figure 7.17a. Values f o r physical f a c t o r s 
corresponding to each sp r i n g were superimposed on the diagram to p o r t r a y 
v i s u a l l y the existence or otherwise of a r e l a t i o n s h i p . 
Location evidence (Figure 7.17b): There appears to be some evidence 
to suggest that the springs located at the base of slope c o n c a v i t i e s 
are d i f f e r e n t from those which occur i n the v a l l e y f l o o r or on the side 
slopes. C o n d u c t i v i t y and the marine d e r i v e d ions have lower l e v e l s 
i n the slope concavity s p r i n g s , p o s s i b l y as a r e s u l t of being supplied 
by i n t e r f l o w r a t h e r than groundwater. 
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The grouping of springs which appears on the map (Figure 7.1), 
e.g. 1, 2 and 3; 5, 6 and 7 i s not apparent on Figure 7.17a, and they 
each possess a d i s t i n c t i v e chemistry. 
Flow frequency (Figure 7.17G): Frequency of f l o w has no e f f e c t 
on spring chemistry. This r e s u l t i s i n c o n t r a s t w i t h Feth et_ al_ (1964) 
who demonstrated that i n the S i e r r a Nevada spring chemistry was a f u n c t i o n 
of frequency of f l o w . 
Temperature v a r i a b i l i t y (Figure 7.17f): On the basis that low 
temperature v a r i a b i l i t y i n d i c a t e s a deep source, there i s some evidence 
to suggest that depth of f l o w c o n t r o l s s p r i n g chemistry (Table 7.10). 
However the r e s u l t s are r a t h e r c o n f l i c t i n g because water from depth 
may have high concentrations due to long residence time whereas shallow 
sources acted upon by e v a p o t r a n s p i r a t i o n processes may also have high 
concentrations. There i s , i n a d d i t i o n , no r e l a t i o n s h i p between slope 
angle ( r e l i e f r a t i o ) and the combined chemical composition of springs 
(Figure 7.17c). I n d i v i d u a l ions were found to be s i g n i f i c a n t l y r e l a t e d , 
however. 
S i t e evidence (Figure 7,17^): The chemical v a r i a t i o n between the 
springs seems to depend mainly on the v e g e t a t i o n through w^ich the water 
has passed. Enhanced atmospheric entrapment and p o s s i b l y greater evapo-
t r a n s p i r a t ion w i t h i n the f o r e s t have led to higher c o n d u c t i v i t i e s and 
concentrations of sodium, magnesium and c h l o r i d e . 
Temporal change: The m a j o r i t y of the chemical species were found 
to be constant throughout the year. I n p a r t i c u l a r the c a t i o n s were 
very s t a b l e because of r e v e r s i b l e ion r e a c t i o n s o c c u r r i n g w i t h i n the 
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r e g o l i t h . The s i l i c a concentrations were a l s o almost constant at many 
of the s p r i n g s , the sunmer mean varying from the w i n t e r mean by less 
than 0.2 mg 1 ^ at 12 out of 21 non-flood s p r i n g s , due to adso r p t i o n / 
desorption processes. The s o i l and r e g o l i t h t h e r e f o r e operate e f f i c i e n t 
b u f f e r i n g mechanisms able t o maintain almost constant concentrations 
of the chemicals i n the spring water. This has important consequences 
fo r the stream water since much of i t s water i s s u p p l i e d from the springs 
and seepages i n the catchment. 
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CHAPTER 8 
THE STREAM 
8.1 I n t r o d u c t i o n and hydrology 
The t h i r d component of the h y d r o l o g i c a l cycle i s concerned w i t h the 
passage of water along the stream channel. The stream represents the f i n a l 
pathway f o r water i n the catchment system (Figure 1.1) and thus the l a s t 
stage before le a v i n g the basin. Some water may have passed through the 
veg e t a t i o n canopy (Chapter 4 ) , flowed through the l i t t e r layer (Chapter 5 ) , 
through the s o i l {Chapter 6) and thence moved t o the stream along many 
possib l e pathways through the g r a n i t e r e g o l i t h (Chapter 7 ) . Sane water 
may also have entered the stream d i r e c t l y . I n small upland catchments, 
such as the Narrator basin (Chapter 2 ) , t h i s water, together w i t h d i r e c t 
p r e c i p i t a t i o n on saturated areas, c o n s t i t u t e s the q u i c k f l o w component, 
which accounts f o r the storm hydrograph peak. I n c o n t r a s t , base f l o w i s 
l a r g e l y accounted f o r by water which has moved slow l y through the r e g o l i t h 
as delayed f l o w . As the various pathways operate they each have d i s t i n c -
t i v e h y d r o l o g i c a l and sol u t e c h a r a c t e r i s t i c s which are t r a n s m i t t e d to the 
stream. To understand the nature of the hydrology of the stream (Chapter 2) 
and i t s s o l u t e chemistry, the source and c o n t r i b u t i o n of each of the pathways 
must t h e r e f o r e be considered (Chapter 1 ) , W i t h i n the broad aims of the 
t h e s i s , t h i s chapter seeks to describe the hydrology of the Narrator Brook 
as a basis f o r e x p l a i n i n g the s p a t i a l and ten^joral v a r i a t i o n s i n the stream 
chemistry. 
The main aims of the chapter are: 
1. To describe the hydrology of the stream and i t s hydrograph 
c h a r a c t e r i s t i c s , 
2. To record the magnitude and v a r i a b i l i t y of stream chemistry, 
both s p a t i a l l y and temporally. 
3. To e l u c i d a t e the sources and c o n t r o l s on the stream water chemistry. 
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8.1.1 Runoff c h a r a c t e r i s t i c s 
The streamf low was recorded continuously at the catchment e x i t 
( s e c t i o n 3.2.6, Figure 3.4). T o t a l discharge f o r the sampling year 14th 
February, 1977 to 13th February. 1978 was 6.870.000 m^ . the mean discharge 
f o r the p e r i o d being 18,800 m^  day\o.22 m s ~ ^ ) . This t o t a l discharge 
was greater than the mean f o r the pe r i o d 1969 to'l975 ^x^ich was 6,439,000 m^  
During the sampling p e r i o d the maximum f l o w was 43,900 m^  day \)n 23rd 
January, 1978 and the minimum f l o w 9,700 m^  day ^ on 15th August. 
The stream discharge shows a seasonal t r e n d , s i m i l a r to r a i n f a l l , 
w i t h one t h i r d of the r u n o f f o c c u r r i n g i n suinner and two t h i r d s i n w i n t e r 
(Table 8.1). This s e a s o n a l i t y i s p a r t l y a r e f l e c t i o n of the amount of 
r a i n , i t s i n t e n s i t y and the in f l u e n c e of v e g e t a t i o n on the moisture content 
of the s o i l . R a i n f a l l i n t e r c e p t i o n and e v a p o t r a n s p i r a t i o n by v e g e t a t i o n 
Table 8 .1 The s e a s o n a l i t y of r a i n f a l l and stream discharge 
Season Duration R a i n f a l l Streamflow 
Amount {ran) % of t o t a l Volume(m^) % of t o t a l 
Sumner 1 Ap. to 30 Sept. 642 34 2,511,500 36 
Winter 
14 Feb to 31 Mar 
1262 
1 Oct.to 13 Feb 
66 4,365,500 64 
Year 14/2/77 to 13/2/78 1904 100 6,877,000 100 
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vary throughout the year, and are at t h e i r maximum i n sumner. However, 
the p r o p o r t i o n of r a i n f a l l converted t o r u n o f f d u r i n g the suraner was 
s i m i l a r t o that o c c u r r i n g i n w i n t e r , which demonstrates that there i s 
a large groundwater body capable of s u s t a i n i n g the f l o w . The se a s o n a l i t y 
of flow i s shown i n Table 8.2 i n the c o r r e l a t i o n s between discharge and* 
tenperature (r=0,73, 0.001 s i g n i f i c a n c e l e v e l ) , and Cryer's (1976) seasonal 
index (r=0.70, 0.001 s i g n i f i c a n c e l e v e l ) . The c o r r e l a t i o n w i t h temperature 
was greatest i n the summer (r.-0.8i 0.001 s i g n i f i c a n c e l e v e l ) when low 
flows were associated w i t h high temperatures and zero r a i n f a l l , and high 
flows were associated w i t h lower temperatures and f r o n t a l systems. 
A rank c o r r e l a t i o n m a t r i x was used to determine the influence of 
the hydrometeorological v a r i a b l e s on stream discharge (Table 8,2). Stream 
runo f f throughout the year was most s i g n i f i c a n t l y c o r r e l a t e d w i t h the 
antecedent p r e c i p i t a t i o n index (AP^^). The index was c a l c u l a t e d on a 
Table 8.2 The c o r r e l a t i o n s between streamflow discharge and 
hydroraeteorological c o n d i t i o n s 
Season Duration W.Tot AP^^ M.D.T. 2hr I n t . Temp. S.I. N 
*** Sunmer 1 Ap.to 30 Sept. 0,24 0.26 0,08 0.11 -0.83 0.51 25 
Winter ^^ eb t o 31 Mar o.71 0.88 0.58 0,63 -0,60 0,33 24 
1 Oct t o 13 Feb 
*** * * 
Year 14/2/77 to 13/2/78 0.66 0,83 0.44 0.50 -0.73 0.70 49 
0.001 s i g n i f i c a n c e l e v e l W.Tot To t a l p r e c i p i t a t i o n f o r the week] 
*• 0,01 s i g n i f i c a n c e l e v e l AP^^ Antecedent p r e c i p i t a t i o n index 
* 0.05 s i g n i f i c a n c e l e v e l M.D.T. Maximum d a i l y t o t a l 
2hr I n t Maximum 2-hour i n t e n s i t y 
Ten^), Mean d a i l y ten^erature 
S,I. Seasonal index 
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d a i l y b a s i s , t a k i n g i n t o account r a i n f a l l over the past t h i r t y days. 
An index of t h i s nature i s o f t e n used t o represent the d i m i n i s h i n g 
impact of preceding r a i n f a l l events and has been employed by many authors 
as an index of catchment wetness (Weyman, 1974; W a l l i n g , 1974; Finlayson, 
1978; Foster, 1979). This v a r i a b l e , e x p l a i n i n g over 75% of the variance 
i n stream discharge d u r i n g the w i n t e r , deimjnstrates the c o n t r o l of s o i l 
moisture on r u n o f f . The r a i n f a l l i n f i l t r a t e s the s o i l r a t h e r than f l o w i n g 
d i r e c t l y overland t o the stream, hence the lower c o r r e l a t i o n between 
discharge and t o t a l weekly p r e c i p i t a t i o n . The i n f i l t r a t e d water may 
be stored i n i t i a l l y or t r a n s m i t t e d through the r e g o l i t h to supply the 
stream d i r e c t l y through the channel perimeter or through the network 
of springs and seepages (Chapter 7 ) . Water p r e v i o u s l y r e t a i n e d i n the 
r e g o l i t h i s displaced by the incoming p r e c i p i t a t i o n through the a c t i o n 
of a t r a n s l a t o r y f l o w mechanism. I n w i n t e r , when c o n d i t i o n s lead t o 
a h i g h AP^ Q index, the push through mechanism r a p i d l y a f f e c t s both i n t e r -
f l o w and the groundwater body. I n t e r f l o w may respond to the i n d i v i d u a l 
storm events. I n c o n t r a s t , i n sunmer there i s no c o r r e l a t i o n between 
stream discharge and the AP^ ^^  index. 
The major source of stream supply i n sunnier i s from the deep-seated 
springs and seepages i n the catchment. This f l o w of water i s the main 
long term component of r u n o f f and i s p a r t i c u l a r l y important d u r i n g d r y 
weather. Therefore, there must be a considerable body of water s t o r e d 
i n the r e g o l i t h to s u s t a i n t h i s f l o w . According to Hewlett and Hibbert 
(1963), i n areas of deep, permeable s o i l such as i n the Narrator catchment, 
unsaturated f l o w moving l a t e r a l l y downslope i s s u f f i c i e n t to ma i n t a i n 
baseflow f o r long p e r i o d of time. This suggests that i n t e r f l o w i s the 
dominant discharge mechanism f o r supplying the stream and that i t operates 
by a t r a n s l a t o r y f l o w mechanism i n w i n t e r and by slow downslope drainage 
i n sumner. 
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8.1.2. Flow d u r a t i o n curve 
The importance of the q u i c k f l c w and baseflow toraponents can be 
demonstrated f u r t h e r by c o n s i d e r a t i o n of the f l o w d u r a t i o n curve. This 
i s a cumulative frequency curve showing the percentage of time t h a t 
any given discharge i s equalled or exceeded and hence r e f l e c t s the 
v a r i a b i l i t y of f l o w . 
The f l o w d u r a t i o n curve f o r the Narrator Brook duri n g the sampling 
period 14th February. 1977 to 13th February, 1978, was c a l c u l a t e d using 
the mean d a i l y discharges (Figure 8.1). There are two segments to the 
curve. I n i t i a l l y , there i s a very steep s e c t i o n c o n s i s t i n g of high 
flows up to 0.5 m^s'^ o c c u r r i n g f o r about 10% of the time, which charac-
t e r i s e s the q u i c k f l o w component; secondly there i s a low gradient segment 
for flows which occur approximately 90% of the p e r i o d . 
There are v a r i o u s indices a v a i l a b l e to q u a n t i f y the shape of the 
curve (e.g. Lane and L e i , 1950) but the most f r e q u e n t l y used i s that 
developed by H a l l (1967), This i s the 30:70 r a t i o which considers the 
r a t i o of the f l o w l e v e l exceeded 30% of the time to that exceeded 70% 
of the p e r i o d . The 30:70 r a t i o f o r the Narrator Brook i s 1:0.65, the 
flow of 0,26 m"^ s ^ being exceeded 30% of the time and 0,17 m^s ^ being 
exceeded 70% of the d u r a t i o n (Figure 8,1). As the r a t i o approaches 
u n i t y , so the c o n t r i b u t i o n of delayed f l o w assumes dominance and q u i c k f l o w 
i s less important. On t h i s b a s i s , the stream e x h i b i t s a s t a b l e p a t t e r n 
of f l o w , which c o n t r a s t s w i t h the * f l a s h y ' c l a s s i f i c a t i o n given i n Section 
2.9. 
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8.1.3. Hydrograph a n a l y s i s 
Hydrograph separation a n a l y s i s provides one approach to the determina-
t i o n of the r e l a t i v e importance of the sources of stream discharge. The 
hydrograph may be d i v i d e d e m p i r i c a l l y i n t o channel p r e c i p i t a t i o n , overland 
f l o w , i n t e r f l o w and groundwater f l o w ( L i n s l e y et_ aj_, 1949). However, 
Freeze (1972) c a l l e d t h i s approach a convenient f i c t i o n and Hewlett and 
Hibbert (1967) s t a t e that i t i s one of the most 'reckless'- h y d r o l o g i c a l 
techniques i n use. They proposed a time based separation method which 
d i v i d e s the hydrograph i n t o q u i c k f l o w and delayed f l o w components. I t 
has a number of advantages, namely that i t i s o b j e c t i v e , avoids elaborate 
assumptions and can e a s i l y be a p p l i e d . A l i n e i s p r o j e c t e d from the 
s t a r t of the hydrograph r i s e at a slope of 0.55 Is ^ hr ^ km ^ (Fi g u r e , 
S,2.) ~, t o i n t e r s e c t the recession limb. Using the same gradient t h i s 
method has been a p p l i e d to streams i n south-west England by Gregory and 
Walling (1973) and Foster (1978). 
D e f i n i n g a storm on the basis of a r i s e i n the stream hydrograph 
greater than 0.55 Is ^ hr ^ ten ^, 53 storms occurred dur i n g the study 
p e r i o d . Quickflow accounted f o r o n l y 4.7% of the t o t a l f l o w w h i l s t delayed 
f l o w c o n t r i b u t e d 95.3%. The p r o p o r t i o n of q u i c k f l o w to delayed f l o w 
v a r i e d throughout the year from 2,0% i n August to 9.8% i n January. I n 
suraner when the s o i l moisture content was low, at least 10 nm of r a i n 
per day was r e q u i r e d to i n i t i a t e a storm, whereas i n w i n t e r approximately 
5 mn per day was needed. 
The r u n o f f response of the Narrator Brook can be compared w i t h r e s u l t s 
f o r f i v e catchments i n East Devon, as reported by Gregory and Walling (1973) 
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There the q u i c k f l o w c o n t r i b u t i o n averaged 21% f o r four catchments u n d e r l a i n 
by permeable rocks but rose to 50% f o r a r e l a t i v e l y impermeable catchment. 
The Narrator Brook r e s u l t emphasises the h y d r o l o g i c a l c a p a c i t y of the 
deep r e g o l i t h t o reduce the impact of incoming storms so that only a 
small p r o p o r t i o n (5%) of f l o w i s q u i c k f l o w . 
(3uickflow hydrographs 
Analysis of the shape of the hydrograph provides u s e f u l d e t a i l on 
the mechanisms of r u n o f f generation. Several parameters are w i d e l y used 
to describe the storm hydrograph, such as times taken to r i s e , t o peak 
and base time (Gregory and W a l l i n g , 1973; V e i l i n g , 1974). The time of 
r i s e i s the i n t e r v a l between the s t a r t of the r a i n f a l l and the conmencement 
of the r i s e . I t i d e n t i f i e s the most r a p i d l y responding r u n o f f element. 
The time to peak, also known as the lag time, i s the i n t e r v a l between 
the centre of g r a v i t y of the r a i n f a l l and hydrograph peak and i d e n t i f i e s 
the most important f l o o d generation mechanism. Base time i s the length 
of time from the s t a r t of the r i s e t o some a r b i t r a r i l y d e f i n e d p o i n t 
on the recession limb, w^ich i n t h i s study i s the p o i n t of i n t e r s e c t i o n 
of a l i n e w i t h a gradient of 0.55ls^ hr~^ km^ from the p o i n t of r i s e . 
A l l of the c h a r a c t e r i s t i c times w i l l vary according to the size and shape 
of the catchment, storm c h a r a c t e r i s t i c s and antecedent moisture c o n d i t i o n s . 
The f i v e hydrographs w i t h the greatest discharge are presented i n 
Figure 8,2. These hydrographs r i s e r a p i d l y and c o n t i n u o u s l y to a s i n g l e 
peak, and recession begins almost iinnediately as r a i n f a l l ceases. I n 
w i n t e r the time to r i s e i s between 2 to 3 hours, whereas i n sumner t h i s 
i s about 7 hours (Figure 8.2), This d i f f e r e n c e i n the time depends on 
the moisture c o n d i t i o n s of the s o i l . I n w i n t e r , the s o i l moisture content 
i s c loser to f i e l d c a p a c i t y than i n sunnier and as a r e s u l t the time taken 
f o r a storm to s a t u r a t e the s o i l i s l e s s . Once s a t u r a t e d , these areas 
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w i l l generate storm r u n o f f as s a t u r a t i o n excess overland f l o w (Section 
5.1.1). 
The time to peak depends on the r a i n f a l l d u r a t i o n , longer storms 
having a greater l a g , and the rnethod of transmission of the q u i c k f l o w . 
IXinne (1978) r e l a t e d the lag time t o the mechanisms responsible f o r r u n o f f 
generation. For a catchment the size of the N a r r a t o r , h i s data i n d i c a t e 
that i f the main mechanism i s Hortonian overland f l o w , the lag time would 
be less than one hour; d i r e c t p r e c i p i t a t i o n onto s a t u r a t e d areas would 
have a lag of 1-4 hours, w h i l s t subsurface storm f l o w r e q u i r e s more than 
20 hours to reach a storm peak. The lag time i n w i n t e r of 2 to 3 hours 
i s c o n s i s t e n t w i t h s a t u r a t i o n excess overland f l o w being the dominant 
mechanism (Section 5J.1). Peat on the moorland plateau saturates r a p i d l y 
above the i r o n pan. When no f u r t h e r r a i n can be absorbed, the water 
begins t o f l o w across the surface (Figure 5.1). The water from Yellowmead 
Down (Figure 3.2) can reach the catchment e x i t i n less than one hour, 
hence the r a p i d time to r i s e and short lag time. 
The form of the hydrograph, w i t h i t s s i n g l e peak and de c l i n e on 
cessation of the r a i n , a l s o suggests that s a t u r a t i o n overland f l o w i s 
the only f l o o d generation mechanism i n o p e r a t i o n . I n c o n t r a s t , Weyman 
(1974) monitored a double peaked hydrograph i n East Twin Brook, Mendips: 
the f i r s t he a t t r i b u t e d t o d i r e c t p r e c i p i t a t i o n i n the channel, and the 
second to the c o n t r i b u t i o n made by i n t e r f l o w . The second peak was not 
observed i n the Narrator catchment. Moreover, the irmiediate hydrograph 
recession suggests that the r a i n f a l l was r a p i d l y converted to r u n o f f . 
The p r o p o r t i o n of r a i n f a l l c o n t r i b u t i n g to q u i c k f l o w v a r i e d throughout 
the year. For example, a storm on 24th August, 1977 of 57 run generated 
discharge of 7920 m^  (Figure 8.2b). I n con t r a s t a storm of only 39,5 ran 
on 23rd Ja.nuary, 1978 (Figure 8 2C) generated q u i c k f l o w of 20.130 ra^. 
This d i f f e r e n c e can be a t t r i b u t e d to high e v a p o t r a n s p i r a t i o n rates 
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and the existence of a high s o i l moisture d e f i c i t i n sunmer w i t h a con-
sequent r e d u c t i o n i n the size of the dynamic source area. 
Delayed f l o w and the recession limb 
The recession limb of the hydrograph provides i n f o r m a t i o n on the 
ru n o f f processes c o n t r i b u t i n g to delayed f l o w . The curve g r a d u a l l y decreases 
as the various storage l o c a t i o n s are depleted. However, a sharp t r a n s i t i o n 
on the curve does not e x i s t , so that the q u i c k f l o w and delayed f l o w cannot 
be e a s i l y separated. Instead the smooth curve s i g n i f i e s that a continuum 
of processes operates to supply the streamflow f o l l o w i n g a storm. Perhaps 
i n i t i a l l y the i n t e r f l o w above the i r o n pan (pathway 1, Section 5.1.1) c o n t r i -
butes to the r i s i n g limb and the f l o w g r a d u a l l y ceases a f t e r the r a i n . 
Shallow i n t e r f l o w , which t r a v e l s slowly at v e l o c i t i e s of 0.001 m s ^ 
(Whipkey, 1967) then begins to supply the stream. F i n a l l y , i n t e r f l o w 
at depth pushes out water i n t o springs and seepages by a t r a n s l a t o r y 
f l o w [iffichanism so that t h i s water a r r i v e s at the stream a f t e r the other 
sources. Groundwater continues to supply the stream. 
The shape of the recession curve can be described using an exponential 
equation of the form (Gregory and W a l l i n g , 1973): 
qt = qo e*^^ 
where qt = discharge at time i n t e r v a l t 
qo = discharge at time t = 0 
a = constant 
Thus the curve i s a f u n c t i o n of the constant 'a' which represents the 
slope of a semi-logarithmic p l o t (Figure 8.3), Analysis of the recession 
curve was conducted on the flo o d s i n the sunroer and w i n t e r (Figure 8,2). 
In sunmer 'a' = 7 hours f o r the steepest pa r t of the recession curve 
compared w i t h a value of 3 hours i n w i n t e r . This i s because i n suirmer 
there i s more storage c a p a c i t y a v a i l a b l e f o r the water from v i ^ i c h i t 
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can be released s l o w l y . However, i n w i n t e r the surface depression and 
other water stores are f u l l , thus the system responds i i m i e d i a t e l y to 
the storm, r e s u l t i n g i n a greater peak, greater subsequent d e c l i n e and 
a steeper curve. . On the basis of t h i s very steep i n i t i a l part of the 
recession curve, the stream could be c l a s s i f i e d as f l a s h y (Section 2.9) 
since there i s a r a p i d r e t u r n to low f l o w . 
A master recession p l o t was derived by Sims (1976) by combining 
a number of recession curves f o r the p e r i o d 1969-1975 (Figure 8.3), 
Repeating the a n a l y s i s above, the value of the constant 'a' i s 26 days 
i . e . the gradient i s very shallow. The recession curve i n d i c a t e s t h a t 
there i s a considerable c o n t r i b u t i o n to delayed f l o w from the r e g o l i t h . 
Deep s o i l s when recharged r e g u l a r l y such as i n the Narrator catchment 
may be i n p o r t a n t c o n t r i b u t o r s to baseflow (Hewlett and Hibbert (1963)). 
Following Hewlett and Hibbert (1963) t h i s delayed f l o w could be sustained 
by i n t e r f l o w . I n a d d i t i o n . Dunne (1978) concluded t h a t where s o i l s are 
deep, w e l l - d r a i n e d and permeable w i t h steep slopes, i n t e r f l o w i s a major 
c o n t r i b u t o r to the streamflow. He noted that f o r e s t e d areas are p a r t i c u -
l a r l y important because they ensure that i n f i l t r a t i o n r a t e s are high 
and d i r e c t c o n t r i b u t i o n s are minimised by the absence of p o o r l y drained 
areas 
ow This d i s c u s s i o n has emphasised the importance of the delayed f l 
c o n t r i b u t i o n (95%) d u r i n g the year. Therefore, w i t h the exception of 
the small q u i c k f l o w component a t t r i b u t e d to s a t u r a t i o n overland f l o w 
and d i r e c t p r e c i p i t a t i o n on the channel, v i r t u a l l y a l l the stream water 
i s d e r ived from r a i n which has percolated through the s o i l . This r e s u l t 
i s of fundamental importance to an understanding of the stream water 
s o l u t e chemistry. 
279 
8.2 Chemical q u a l i t y of streamflow 
The main o b j e c t i v e of the l a s t four chapters was to i n v e s t i g a t e 
the s p a t i a l and temporal v a r i a t i o n i n water chemistry at various p o i n t s 
along the h y d r o l o g i c a l pathways. I n t h i s chapter the aim i s to examine 
the s p a t i a l and temporal v a r i a t i o n s i n stream chemistry and where p o s s i b l e 
r e l a t e them to processes o c c u r r i n g at p o i n t s higher i n the system. Water 
moving at each p o i n t was c h a r a c t e r i s e d by d i s t i n c t i v e chemistry which 
could be a t t r i b u t e d t o i t s passage through the v e g e t a t i o n , s o i l and deeper 
r e g o l i t h . The strearawater chemistry can t h e r e f o r e be r e l a t e d to the 
i n t e r a c t i o n of s o l u t e and r u n o f f processes. Solute chemistry of the 
stream t h e r e f o r e i s determined by the q u a n t i t y of s a l t s d e rived from 
the atmospheric, b i o l o g i c a l andwrathering sources, together w i t h the 
amount of water i n that part of the system. 
At the catchment l e v e l of t h i s i n v e s t i g a t i o n (Chapter 1 ) , there 
are a number of c o n t r o l s on s o l u t e p r o d u c t i o n . V a r i a t i o n s I n geology 
(Douglas, 1972, Reid et^ al_, 1982 ). s o i l s and s o i l mineralogy (Cleaves 
et_ al_, 1970), and v e g e t a t i o n types (Marchand, 1971; Swank and Henderson, 
1976) can i n f l u e n c e the stream chemistry. I n the N a r r a t o r catchment, 
the major v a r i a t i o n s were between the plateau, dominated by Calluna-MolInia 
moorland, and the steep h i l l s l o p e s supporting a c i d grassland e x t e n s i v e l y 
invaded by bracken or v ^ i c h were a f f o r e s t e d , (Chapter 2 ) . S p a t i a l v a r i a t i o n 
i n stream chemistry was st u d i e d by m o n i t o r i n g the water q u a l i t y at the 
edge of the moorland, at the j u n c t i o n between the a c i d grassland and 
the f o r e s t and at the catchment e x i t (Section 3.2.7). 
» 
Temporal v a r i a t i o n s i n s o l u t e concentrations were examined on both 
a seasonal and a storm b a s i s . Seasonal d i f f e r e n c e s can be r e l a t e d t o 
changes i n the n u t r i e n t cycle and hydrometeorologlca1 f a c t o r s . B l o t l c 
a c t i v i t y may produce an autumn or w i n t e r peak as a r e s u l t of decreased 
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n u t r i e n t demand (Johnson et_ al_, 1969; Likens et_ al_, 1977) and leaf l i t t e r 
decay i n the stream (Slack and F e l t z , 1968). However, b i o t i c a c t i v i t y 
may also lead to increased carbon d i o x i d e production and cause greater 
chemical weathering i n sunmer months ( P i t t y , 1968). Cleaves et_ al_ (1970) 
monitored the maximum concentrations of bicarbonate, s i l i c a , potassium 
and calcium i n sunnier and a t t r i b u t e d them to more vigorous weathering. 
This r e s u l t was i n c o n t r a s t w i t h Johnson £1 al_ (1969). 
The chemical element and i t s r o l e i n n u t r i t i o n are also important 
when considering seasonal and s p a t i a l v a r i a t i o n s i n s o l u t e chemistry. 
Potassium tends to concentrate i n f o l i a g e and i s e a s i l y leached, >x^ereas 
calcium i s a s t r u c t u r a l element and bound more c l o s e l y w i t h i n the c e l l 
w a l l (Section 5,3,2). Elements i n the grassland and bracken are subject 
to more r a p i d turnover i n t h e i r n u t r i e n t cycle than those i n the f o r e s t . 
Johnson et_ al_ (1969) explained the v a r i a b l e c o n c e n t r a t i o n of plant n u t r i e n t s 
i n stream water i n terms of the residence time i n t h a t p a r t of the n u t r i e n t 
cycle w^ere l i t t e r f a l l i s broken down i n t o humus, 
Hydroraeteorological f a c t o r s may also a f f e c t the seasonal v a r i a t i o n 
i n s o l u t e chemistry. I n w i n t e r months r a i n f a l l i s higher, s o i l moisture 
d e f i c i t s are low or non-existent and there i s t h e r e f o r e more water f l u s h i n g 
through the s o i l p r o f i l e . This tends to produce higher concentrations 
of r e l a t i v e l y mobile ions. As more water moves through the s o i l system, 
more hydrogen i s also flushed through (Johnson et_ aj_, 1969). Reaction 
rates are assumed not to be l i m i t i n g (Smith and Dunne, 1977). 
The s o i l environment must also be taken i n t o account since t h i s 
c o n t r o l s the routeways i n o p e r a t i o n (Chapter 6) and the a v a i l a b i l i t y 
of p l a n t n u t r i e n t s . Release of ions from the s o i l clay-humus complexes 
depends on chemical exchanges and complexing r e a c t i o n s . This behaviour 
v a r i e s seasonally, and i s a f u n c t i o n of the amount of c l a y and humus 
as w e l l as the type of c l a y minerals present. I n the N a r r a t o r catchment. 
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v a r i a t i o n i n s o i l type (Section 2.7) may thus a f f e c t s o l u t e concentrations 
i n the stream. 
Short term v a r i a t i o n s i n so l u t e chemistry have been studied by a 
number of workers (Hem, 1948; Hendrickson and Krieger, 1960; Douglas 1972; 
Wal l i n g , 1974; 1975; Foster, 1978). Solute behaviour d u r i n g a storm 
depends s i g n i f i c a n t l y on stream discharge. The main tre n d reported i n 
the l i t e r a t u r e i s f o r s o l u t e concentrations to d i l u t e . This i s u s u a l l y 
a t t r i b u t e d t o the input of d i r e c t p r e c i p i t a t i o n and water having a s h o r t e r 
residence time i n the s o i l . This i n v e s t i g a t i o n , by focussing a t t e n t i o n 
on the f l o w paths of i n d i v i d u a l r u n o f f conponents, attempts t o i d e n t i f y 
the most important sources and c o n t r o l s on solute l e v e l s i n the stream. 
While an approach which seeks t o i n t e g r a t e s o l u t e sources and r u n o f f 
sources i s not unique (Skakalskiy, 1966; Borman and Likens, 1967) and 
i s i m p l i c i t i n many i n v e s t i g a t i o n s (Likens et_ al_, 1977), t h i s i s the 
only study to have monitored the solute sources at the major p o i n t s along 
the h y d r o l o g i c a l pathwaythus p r o v i d i n g a b e t t e r understanding of v a r i a t i o n s 
i n s o l u t e chemistry of the stream. 
8.2.1 Streamflow chemistry 
The annual mean concentrations were c a l c u l a t e d f o r the Narrator 
Brook at Headweir and S t a t i o n 2 and f o r Yellowraead Brook at YMl and YM2 
(Table 8.3, Figure 3,4), Stream water chemistry was'therefore monitored 
on the moorland, w i t h i n the grassland and at the e x i t from the f o r e s t . 
The s o l u t e concentrations recorded i n the Narrator Brook and i t s 
t r i b u t a r y , Yellowmead Brook (Table 8.3) are s i m i l a r t o those monitored 
i n the springs (Table 7.3). I n p a r t i c u l a r , the c o n d u c t i v i t y and l e v e l s 
of s o l u t e parameters recorded at Headweir were i d e n t i c a l t o those of 
the basal concavity springs such as s i t e 14 (Figure 3,4), 
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Table 8. 3 Suranary s t a t i s t i c s f o r Yellowmead Brook at s i t e s YMl and YM2 
(11/4/77 to 13/2/78) and Narrator Brook at s i tes ST2 and 
Headweir (14/2/77 to ,13/2/78) 
(S.E^ C Z, i n pnhos cm at 25°C. a l l other ions except pH i n 
mg 1 ) 
Solute YMl YM2 ST2 Head Weir 
X cr X X or X o 
S.E.C. 52.6 3.8 52.1 2.9 50.1 2.5 54.9 2.8 
pH 5.13 0.31 5.84 0.41 5.56 0.18 5.60 0.33 
Na 7.15 0.45 7.25 0.36 6.83 0.40 7.19 0.39 
K 1.07 0.18 1.07 0.17 0.92 0.11 0.98 0.13 
Ca 0.94 0.16 1.06 0.18 1.09 0.15 1.32 0.23 
Mg 0.88 0.13 0.89 0.10 0.84 0.08 0.95 0.10 
SiO- 8.34 2.56 8.92 1.95 6.15 0.84 6.38 0.72 
Cl ^ 10.34 1.22 10.56 0.97 9.77 0.78 10.27 0.78 
Further sumrary s t a t i s t i c s f o r S t a t i o n 2 and Headweir are presented 
i n Tables 8.4 and 8.5. The mean weighted concentrations c a l c u l a t e d on 
a d a i l y basis are s i m i l a r to the mean concentrations c a l c u l a t e d on a 
weekly b a s i s . This r e s u l t demonstrates the very great chemical s t a b i l i t y 
of the Narrator Brook, since the mean concentrations (Table 8.3) take 
no account of the discharge u n l i k e the weighted mean l e v e l s (Table 8 . 4 ) . 
The delayed f l o w component t h e r e f o r e dominates not only the hydrology 
(Section 8 . 1 . 3 ) , but also the sol u t e l e v e l s of the stream. However, 
the s o l u t e concentrations are a f f e c t e d by f l o o d s and the minimum values 
recorded i n Table 8.5 are associated w i t h the f l o o d on 23rd January, 
1978. I n general the maximum l e v e l s were monitored i n sumner when there 
was less water i n the system t o d i l u t e the s o l u t e s . 
River waters are c l a s s i f i e d according t o the dominant c a t i o n and 
anion present. For the cat i o n s the i o n i c c o n p o s i t i o n was such that 
Na'^ >Mg'*"'*"> Ca'*""*"> K*>H'*', w i t h sodivim c o n t r i b u t i n g 7 0 % of the t o t a l c a t i o n i c 
s t r e n g t h ; c h l o r i d e was the dominant anion (Table 8 . 4 ) . On t h i s basis 
the Narrator Brook would be c l a s s i f i e d as sodium c h l o r i d e water (Etodda et a l 
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Table 8.4 Sunmary s t a t i s t i c s f o r streamflow chemistry 14/2/77 to 
13/2/78, N = 365 
(S.E.C. i n pnhos cm~^ at 25**C, a l l other ions except pH 
i n mg 
Solute Headweir S t a t i o n 2 Ratio: 
(Below f o r e s t ) (Above f o r e s t ) 
Weighted Weighted_!^an Weighted Weighted Mean Headweir 
Mean Cone, i n m.e.l Mean Cone, i n m.e.l" S t a t i o n 2 
1.07 
1.08 
10.45 0.294 0.272 1.08 
Table 8.5 Minimum, maximum and range of streamf low chemistry at 
Headweir, 14/2/77 to 13/2/78. 
(S.E.C._Jn pnhos cm"^ at 25°C, a l l other ions except pH 
i n mg 1* ) 
Solute Minimum Maximum Range 
S.E.C. 43.6 62.0 18.4 
pH 4.84 6.52 1.68 
Na 5.50 7.91 2.41 
K 0.82 1.25 0.33 
Ca 0.71 2.04 1.27 
Mg 0.67 1.35 0.67 
SiO^ 4.28 7.70 3.42 
CI 8.00 12.90 4.90 
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1976; Figure 8.4). With the exception of hydrogen, the order of the 
cations i s i d e n t i c a l t o that of bulk p r e c i p i t a t i o n , the hydrogen being 
exchanged d u r i n g h y d r o l y s i s r e a c t i o n s . 
The i o n i c s t r e n g t h of the stream water (0.48 m.e.l'^) i s approximately 
twice that of bu l k p r e c i p i t a t i o n (0.26 m.e.l S» assuming aiimonia, aluminium 
and i r o n to be n e g l i g i b l e . A large part of the increase can be accounted 
fo r by co n c e n t r a t i o n of the ions as a r e s u l t of e v a p o t r a n s p i r a t i o n . As 
water i s l o s t to the atmosphere, the solutes are concentrated i n a lower 
volume of water. There was a loss of about 34% by evaporation (Chapter 9) 
which would r e s u l t i n the i o n i c s t r e n g t h of b u l k p r e c i p i t a t i o n i n c r e a s i n g 
to 0.39 m.e.l"^. The d i f f e r e n c e (0.09 m.e.l"^) i s due to a d d i t i o n s by 
weathering (Chapter 9 ) . 
Table 8.6 Mean chemical composition of stream w^ter from g r a n i t e 
catchments. (Concentrations i n mg 1~ , except pH) 
Solute 
pH 
Na 
K 
Ca 
Mg 
SiO, 
CI ^ 
Narrator Glendye 
46 
11 
94 
35 
96 
40 
45 
18 
44 
09 
14 
Hubbard Brook 
4.90 
0.88 
0.23 
10.45 
8.70 
6.12 
65 
38 
43 
54 
Background d e t a i l s : 
Source This study 
Location 17km NE Plymouth 
17kra Distance 
to sea 
R a i n f a l l 
Geology 
Reid £1 al_ ( 1982 ) Likens et al_ (1977 ) 
40km SW Aberdeen New Hampshire, U.S.A 
30km 160km 
l,904mtn 
Coarse grained 
grani te 
l,375nm 
Coarse grained 
g r a n i t e . Some 
f i n e grained 
gneiss 
l,295nm 
Medium to coarse 
grained g r a n i t e . 
Some sedimentary 
rock 
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The r e s u l t s are intermediate f o r g r a n i t e catchments between those 
f o r the Glendye (Reid et_ al_, 1982) and Hubbard Brook (Likens et_ al_. 1977) 
catchments (Table 8.6). The sodium and c h l o r i d e c o n c e n t r a t i o n s , however, 
are greater i n the Narrator Brook because of i t s p r o x i m i t y t o the sea. 
The s i l i c a c oncentrations a l l c o n t a i n less than 14 mg 1 ^, the median 
f i g u r e quoted by Davis (1964) f o r streams. The l e v e l i n the Narrator 
Brook (6.4 mg 1 ^) i s close to the e q u i l i b r i u m c o n c e n t r a t i o n of quartz 
at earth-surface ten^jeratures (6.5 mg 1~^). Table 8.6 shews t h a t , at 
a catchment s c a l e , f a c t o r s such,as c l i m a t e , geology and distance from 
the sea have an i n f l u e n c e on the s o l u t e chemistry of the stream, ^ A ^ i l s t 
at the sub-catchment l e v e l other f a c t o r s such as dcMninant v e g e t a t i o n 
type are important. 
8,2.2. E)ownstream v a r i a t i o n s i n s o l u t e concentrations 
The changes i n the s o l u t e c o n c e n t r a t i o n s downstream were monitored 
at four l o c a t i o n s from the moorland (YMl) to the catchment e x i t at Headweir 
(Table 8.3, Figure 8.5). 
Water i n Yellowmead Brook, leaving the moorland at YMl, has a lower 
pH (5.13), and calcium (0.9 mg 1~^) and higher s i l i c a (8.3 mg I'M l e v e l s 
compared w i t h those monitored i n the Narrator Brook. The pH may be lower 
because of the humic and f u l v i c acids d e r i v e d from the peat as evidenced 
by the low pH i n moorland i n t e r f l o w (Table 8.7). I n a d d i t i o n the a c i d i f y i n g 
e f f e c t s of Calluna v u l g a r i s on the s o i l may a l s o be important (Giminghara, 
1972). 
Comparison of the s o l u t e c o n c e n t r a t i o n of water moving across the 
i r o n pan on the p l a t e a u w i t h t h a t f o r water i n Yellowmead Brook at YMl 
(Table 8.7) s i g n i f i e s that the b u l k of the water must be supplied from 
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Table 8.7 Sumnary s t a t i s t i c s f o r i n t e r f l o w above the i r o n pan 
(30cm depth) on the moorland plateau (14/2/77 to 27/2/78 
N = 15), and streamflow i n Yellowmead Brook at YMl 
(11/4/77 to 13/2/78) 
Solute I n t e r f l o w YMl 
X o- X o-
S.E.C. 64.5 10.9 52.6 3.8 
pH 3.92 0.11 5.13 0.31 
Na 5.73 0.76 7.15 0.45 
K 1.12 0.33 1.07 0.18 
Ca 0.84 0.20 0.94 0.16 
Mg 0.78 0.16 0.88 0.13 
SiO 2.05 0.42 8.34 2.56 c r 10.38 1.94 10.34 1.22 
a r e s e r v o i r w i t h a long residence time, probably from below the i r o n 
pan. The l a t t e r i s r e q u i r e d to e x p l a i n the high s i l i c a l e v e l i n Yellowmead 
Brook (Table 8.7) which i s even higher than many springs located i n the 
v a l l e y ( T i b l e 7.3). 
The water i n the brook moves dow n h i l l from YMl through an area invaded 
by bracken. Water i s input from a s p r i n g at a mid-slope s i t e and from 
a seepage near i t s j u n c t i o n w i t h the stream. However, n e i t h e r of these 
sources has much e f f e c t on the chemistry since the s o l u t e concentrations 
are s i m i l a r at YMl and YM2. The water from Yellowmead Brook enters the 
Narrator Brook at a point j u s t above ST2. A f t e r m i x i n g , the chemical 
c o n c e n t r a t i o n of the waters i s less than t h a t input from Yellowmead Brook, 
i n d i c a t i n g s t i l l lower l e v e l s i n the Narrator upstream of the e n t r y of 
the brook. 
C o n d u c t i v i t y p r o f i l e ; Murgatroyd (1980) i n v e s t i g a t e d the down stream 
v a r i a t i o n s i n s p e c i f i c conductance along the 4.5km of the Narrator Brook 
(Figure 8.6). The l e v e l s he recorded on 2/3/76 at Headweir were very 
s i m i l a r t o those obtained i n March 1977 and 1978 i n t h i s study. However, 
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the s p e c i f i c conductance monitored i n August 1976 was higher than that 
i n August 1977 (60 )imhos cm ^ compared w i t h 57 pmhos era S because of 
the drought. 
The mean c o n d u c t i v i t y at the head of the stream was 46 pnhos cm~^ 
(Murgatroyd, 1980), This value i s r e p r e s e n t a t i v e of values i n other 
years since i t takes i n t o account both the sumner drought and the wet 
autumn. C o n d u c t i v i t y rose downstream to a peak i n the v i c i n i t y of s t a t i o n s 
29 to 27 (Figure 8,6), This peak was a t t r i b u t e d t o the e f f e c t of d i s -
charges from wet flushes and seepages adjacent to the r i v e r channel. An 
a l t e r n a t i v e e x p l a n a t i o n of the higher s o l u t e c o n c e n t r a t i o n i s the input 
of i n t e r f l o w from above the i r o n pan (Table '8.7). The subsequent d e c l i n e 
to s t a t i o n 25 i s due to water coming from a major blanket bog source, 
w^ich has a lower s o l u t e c o n c e n t r a t i o n than the shallow i n t e r f l o w water, 
At the e x i t from the p l a t e a u , the c o n d u c t i v i t y of the Narrator Brook 
was 48 umhos cm ^ and there i s a small increase downstream to s t a t i o n 12 
(50 pmhos cm~^) adjacent to ST2 (Figure 8.6). This tr e n d i s a t t r i b u t a b l e 
to water being supplied from the springs 11, 12 and 13 w i t h a high discharge 
and high c o n d u c t i v i t y (60 pmhos cm'^) (Table 7.3). From t h i s evidence 
the lower c o n d u c t i v i t y recorded at ST2 compared w i t h YM2 i s the r e s u l t 
of the mixing of d i f f e r e n t sources of water. 
The main f e a t u r e of the c o n d u c t i v i t y p r o f i l e i d e n t i f i e d by Murgatroyd 
(1980) was the r i s i n g downstream trend of ST2 which coincides w i t h the 
presence of coniferous f o r e s t , Ternan and Murgatroyd (1983) found a 
s i m i l a r phenomenon i n neighbouring p a r t i a l l y f o r e s t e d catchments and 
showed that the baseflow c o n d u c t i v i t y rose approximately 0.4 pnhos cm ^ 
fo r each 1% Increase i n f o r e s t e d area. 
Solute changes upstream and downstream of the f o r e s t : i n order 
to i n v e s t i g a t e the i n f l u e n c e of the f o r e s t on the stream chemistry, t h i s 
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present study monitored water q u a l i t y at ST2 and Head Weir (upstream 
and downstream of the f o r e s t margin). The r e s u l t s are presented i n Table 
8.4 and show that w i t h the exception of a loss i n hydrogen, the concentra-
t i o n s of the other s o l u t e s were greater at the e x i t from the f o r e s t . A 
s i m i l a r r e s u l t was re p o r t e d f o r the network of s p r i n g s , those w i t h i n 
the f o r e s t having s i g n i f i c a n t l y higher s o l u t e l e v e l s than those r i s i n g 
i n the non-forested area (Table 7.6). This was explained i n terms of 
changes i n the h y d r o l o g i c a l regime such as increased e v a p o t r a n s p i r a t i o n , 
enhanced entrapment of atmospheric aerosols and increased d i s s o l u t i o n 
of the s o i l minerals r e s u l t i n g from biochemical processes w i t h i n the 
f o r e s t (Section 7.2.3). The various ions are i n f l u e n c e d by d i f f e r e n t 
mechanisms and w i l l t h e r e f o r e be discussed separately. 
C h l o r i d e : c h l o r i d e increased from 9.7 to 10.5 mg l " ^ an increase 
of 1.08X (Table 8,4). S l i g h t l y higher c h l o r i d e c o n c e n t r a t i o n from a 
fo r e s t e d area i s u s u a l l y explained i n terms of enhanced entrapment (Section 
4.2.3). As noted above, s i t k a spruce needles are p a r t i c u l a r l y e f f i c i e n t 
at the entrapment of c h l o r i d e aerosols. Murgatroyd (1980) noted that 
greater r a t e s of impaction occur on f o r e s t perimeters since there i s 
a greater area of exposed v e g e t a t i o n surface than i n i n s i d e the f o r e s t . 
He found t h a t c o n d u c t i v i t y increased i n p r o p o r t i o n t o the l e n g t h of f o r e s t 
perimeter r e l a t i v e to f o r e s t area. Pronounced edge e f f e c t s have a l s o 
been observed by McWalter (p.conm.) who recorded maximum t h r o u g h f a l l 
c o n d u c t i v i t y and sodium and c h l o r i d e concentrations at the f o r e s t boundary. 
Sodium: sodium increased from 6.6 to 7,1 mg l'^ (Table 8.4). This 
change i s s i m i l a r t o that f o r c h l o r i d e (1.10 c f . 1.08X). Both enhanced 
entrapment and increased weathering of s o i l minerals are probably responsible 
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Magnesium: (Table 8,4), Magnesium increased s l i g h t l y from 0.91 
to 0.96 rag 1 ^ a gain of 1.08X, which may be a t t r i b u t e d to greater d i s s o -
l u t i o n of s o i l minerals w i t h i n the f o r e s t , assuming that no enhanced 
atmospheric input has taken place. The increase i s less than that f o r 
sodixjm because although the m o b i l i t y of magnesium i s greater (Anderson 
and Hawkes, 1958), magnesium (MgO) only c o n s t i t u t e s 0.5% of the g r a n i t e 
compared w i t h 2,5% f o r sodium (Na20, Table 2.2). 
Si 1ica; s i l i c a l e v e l s increased more than 1.13 times between ST2 
and Head Weir (Table 8.4). The higher s i l i c a l e v e l s i n the f o r e s t 
l i t t e r f l o w (Section 5.3.2), i n t e r f l o w (Section 6.3.2) and springwaters 
(Section 7.2,3) have been discussed above, and have been explained i n 
terms of h y d r o l o g i c a l and chemical i n f l u e n c e s . Decreased q u a n t i t i e s 
of water were a v a i l a b l e f o r leaching due t o i n t e r c e p t i o n and evapotrans-
p i r a t i o n losses. I n a d d i t i o n , as the s i t k a spruce needles decay, organic 
acids are released which increase the s o l u b i l i t y of s i l i c a , aluminium 
a n d i r o n . The l i t t e r layer i n the f o r e s t i s a minimum of 5 cm deep and 
so provides a r i c h source of acids f o r weathering the s i l i c a t e m i n e r a l s . 
Potassium and calcium; potassium and calcium l e v e l s Increased 1.07x 
(Table 8,4), which may be due to the same h y d r o l o g i c a l and chemical f a c t o r s 
as those i n f l u e n c i n g s i l i c a . However, the s i t u a t i o n i s more complex 
because they are both p l a n t macro-nutrients involved i n c y c l i n g w i t h i n 
the ecosystem. They are also c a t i o n s which can be adsorbed by the c l a y 
minerals. These problems were discussed above (Section 6,3) where i t 
was shown that t h e i r concentrations decreased down the p r o f i l e to a 
depth of 1 m before i n c r e a s i n g . The l e v e l s of potassium were greatest 
i n the f o r e s t i n t e r f l o w and s o i l water, although the calcium l e v e l s were 
at a maximum i n the grassland. I n a d d i t i o n , the increase may be due t o 
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f o l i a r leaching. Cleaves et_ al_ (1970) f o r example, st r e s s the importance 
of a b i o l o g i c a l source of n u t r i e n t s i n the stream. Leaf decay w i t h i n 
the channel, as suggested by Slack and Fe l t z (1968), may a f f e c t the con-
t r i b u t i o n of these ions, p a r t i c u l a r l y d u r i n g baseflow c o n d i t i o n s . The 
accumulation of leaf l i t t e r observed w i t h i n d e b r i s dams would t h e r e f o r e 
be expected to have a s u b s t a n t i a l impact i n the f o r e s t e d reach of the 
stream. 
Discussion: The downstream v a r i a t i o n i n s o l u t e concentrations i s 
the r e s u l t of the i n t e r a c t i o n of hydrometeorological, chemical and b f o l o g i c a l 
f a c t o r s . Further study of the s p a t i a l v a r i a t i o n i n c o n c e n t r a t i o n i s 
r e q u i r e d to determine the e f f e c t of sediment and organics derived from 
the moorland, a c i d grassland e x t e n s i v e l y invaded by bracken and the f o r e s t . 
Douglas (p.cormi) has a l s o suggested t h a t r e l a t i v e l y l i t t l e a t t e n t i o n 
has been paid to the behaviour of i n d i v i d u a l ions i n r e l a t i o n to other 
water q u a l i t y parameters. One approach may be t o use p r i n c i p a l components 
analysis f o r water samples c o l l e c t e d at Headweir and ST2, above and below 
the f o r e s t , t o i n d i c a t e the d i f f e r e n c e s i n behaviour. P r e l i m i n a r y i n d i c a t i o n s , 
discussed f u r t h e r i n s e c t i o n 8.4.2, are that processes exte r n a l to the 
r i v e r system are more important than i n t e r n a l processes. 
8.2.3. Downstream v a r i a t i o n s i n chemical y i e l d 
Chemical y i e l d i s the product of d i s s o l v e d load and discharge. The 
l a t t e r was monitored continuously and the strearawater was sampled d a i l y 
at Headweir and ST2 (Figure 8.5). Chemical y i e l d was c a l c u l a t e d f o r 
the catchment (Yc), f o r the non-forested catchment (Yg) and by d i f f e r e n c e 
f o r the f o r e s t e d area (Yf = Yc - Yg). 
On account of problems w i t h r a t i n g curve e x t r a p o l a t i o n at ST2, chemical 
loads were c a l c u l a t e d f o r an occasion when the stream v e l o c i t y was 
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determined by current metering, hence the discharge was known a c c u r a t e l y . 
Baseflow c o n d i t i o n s p r e v a i l e d during the day (13/10/77). The y i e l d s 
from the f o r e s t e d and non-forested catchments are shown i n Table 8.8. 
With the exception of hydrogen and potassium, the chemical y i e l d s from 
the f o r e s t were g r e a t e s t . Calcium increased the most (38 to 118 mg.km"^ a"^ 
= 300%). S i l i c a , sodium and magnesium increased by approximately 40%, 
w h i l s t c h l o r i d e increased by only 15%. The increase i n c h l o r i d e may 
Table 8.8 Chemical y i e l d s upstream and 
on 13/10/77 (mg km"^ s"-^) 
downstream of the f o r e s t 
Non-forest Forest Average 
(ST2) (Calc.) (Headweir) 
H 2.8 X lO"'* 3,8 X 10'^ 1.4 X 10""* 
Na 244 340 265 
K 36 29 34 
Ca 38 118 55 
Mg 30 47 34 
SiO^ 223 318 243 
CI 340 390 350 
Q 1 km" s 35 40 36 
have been due to entrapment by the f o r e s t canopy \ * ^ i l s t the r i s e i n s i l i c a 
and the other ions was the r e s u l t of increased chemical weathering. The 
l a t t e r may i n d i c a t e the importance of increased d i s s o l u t i o n of s o i l 
minerals by organic acids from decaying s i t k a spruce needles. However, 
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the r e s u l t s can only be t e n t a t i v e since they r e f e r to j u s t one p o i n t i n 
time. Further i n v e s t i g a t i o n of the e f f e c t s of the f o r e s t on an annual 
basis w i l l be made when the r a t i n g curve at ST2 i s more accurate. 
8.3 V a r i a t i o n s i n stream chemistry through time 
8.3.1. Temporal v a r i a t i o n s i n stream chemistry 
The seasonal v a r i a t i o n s i n the l e v e l s of c o n d u c t i v i t y and the seven 
chemical species measured at Headweir (Figure 8.5) are presented i n Figure 
8.7. Only the r e s u l t s obtained at the beginning of the week are shown 
f o r c l e a r e r p r e s e n t a t i o n , although the analyses were made on a d a i l y 
b asis. The m a j o r i t y were associated w i t h base-flow c o n d i t i o n s : that 
i s they r e f e r to the delayed f l o w component which has passed through 
the r e g o l i t h t o the stream. Two observations can be made regarding the 
trends presented i n Figure 8.7: f i r s t l y the s o l u t e l e v e l s are n o t a b l y 
constant throughout the year w i t h the absence of seasonal trends; secondly 
short term f l u c t u a t i o n s are apparent, f o r example at the end of January, 
caused by the a c t i o n of the q u i c k f l o w component. 
C o n d u c t i v i t y : C o n d u c t i v i t y was reasonably constant throughout the 
year, w i t h a s l i g h t depression i n autumn. The main fea t u r e i n Figure 
8.7 i s the decrease from 50 pnhos cm ^ to 40 pnhos cra"^ on 23rd January, 
1978 as a r e s u l t of 46 nm of r a i n the previous day. Large q u a n t i t i e s 
of r a i n ( c o n d u c t i v i t y 34 pnhos cm'S entered the channel d i r e c t l y or 
as s a t u r a t i o n overland f l o w from p a r t i a l c o n t r i b u t i n g areas and d i l u t e d 
the f l o w . The f o l l o w i n g week (30th January, 1978) the maximum conduct I v i t y 
was reached (63 pihos cm ^) due to h i g h c o n d u c t i v i t y l e v e l s I n b u l k 
p r e c i p i t a t i o n (94 pnhos cm~^) when an A r c t i c a i r mass brought i n high 
amounts of solutes and r a i n (80 rnn d u r i n g the week). 
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pH: A seasonal tr e n d i s apparent w i t h an increase i n pH during 
the sumner, reaching a peak i n August (Figure 8.7). However pH r e s u l t s 
are not always accurate because any loss of carbon d i o x i d e during storage 
or t r a n s p o r t a t i o n w i l 1 a f f e c t the e q u i l i b r i u m (Section 3.3,2), 
Sodium: Sodium concentrations were reasonably constant throughout 
the year (Figure 8.7). This i s a s i m i l a r r e s u l t to that recorded f o r 
the springs (Section 7.2.4). As before, t h e i r almost constant l e v e l s 
can be a t t r i b u t e d t o e f f i c i e n t b u f f e r i n g by the s o i l . The only exception 
to t h i s s t a b l e regime i s the storm on 23rd January, 1978 causing d i l u t i o n . 
Potassium, calcium and magnesium: These ions were v i r t u a l l y constant 
throughout the year (Figure 8.7). Again, as w i t h the springs (Section 
7.2.4), the constant l e v e l s must be ascribed to the b u f f e r i n g by means 
of r e v e r s i b l e ion exchange r e a c t i o n between the s o i l - w a t e r and s o i l mineral 
phases. Peak potassium and calcium stream concentrations during autumn 
monitored by other experiments (e.g. Johnson et_ al_, 1969) are not apparent 
because of the b u f f e r i n g which keeps the i o n i c concentrations constant. 
Si 1ica: S i l i c a e x h i b i t e d a s l i g h t seasonal p a t t e r n w i t h depressions 
during May/June, and October/November and s l i g h t r i s e s d u r i n g August/ 
September, and December. The peak i n l a t e August coincided w i t h the 
r i s e i n s i l i c a a t several springs due to higher weathering rates i n sunmer, 
The secondary r i s e i n December may be due to the expansion of wet areas 
i n the catchment and subsequent leaching of s i l i c a from decaying le a f 
l i t t e r . This explanation i s supported by the high concentrations recorded 
i n l i t t e r f l o w i n December (Section 5.3,3). 
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The s i l i c a concentrations i n the stream were held r e l a t i v e l y constant 
during the year by e q u i l i b r i u m processes operating i n the r e g o l i t h . 
The only exception t o t h i s was the storm at the end of January 1978 
causing d i l u t i o n . This may be a t t r i b u t e d to d i r e c t p r e c i p i t a t i o n on 
the channel and saturated s o i l drainage causing the s i l i c a c o n c e n t r a t i o n 
to d e c l i n e . 
C h l o r i d e : The c h l o r i d e c o n c e n t r a t i o n i s more e r r a t i c than that 
of the other ions but again no seasonal tr e n d was apparent (Figure 8.7). 
The decrease on 23rd January, 1978 and increase on 30th January, 1978 
can be r e l a t e d t o the trends observed i n c o n d u c t i v i t y . 
8.3.2. Temporal v a r i a t i o n s and hydrometeorological c o n d i t i o n s 
This s e c t i o n examines the v a r i a t i o n i n s o l u t e concentrations through 
the year and the influence of hydrometeorological f a c t o r s . Variables 
used i n the a n a l y s i s were the mean d a i l y temperature and Cryer's seasonal 
index, which are both measures of seasonal changes (Section 8.2), together 
w i t h an antecedent p r e c i p i t a t i o n index (AP^q) and t o t a l weekly r a i n f a l l , 
which are r e l a t e d to stream discharge (Section 8,1.1). 
Results of the a n a l y s i s f o r the whole year, and w i n t e r and summer 
months are presented i n Table 8,9. On a y e a r l y b a s i s , sodium, magnesium 
concentrations and pH were s i g n i f i c a n t l y r e l a t e d to temperature and the 
seasonal index. Sodium l e v e l s were p o s i t i v e l y c o r r e l a t e d w i t h tenperature 
and n e g a t i v e l y w i t h t o t a l weekly r a i n f a l l suggesting t h a t concentrations 
rose i n sunnier as the amount of water i n c i r c u l a t i o n decreased. Magnesium 
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Table 8.9 rWik c o r r e l a t i o n bet*«>en sirpmittnter solute asrcentratlcns and 
h>TlrciTEteorologlcal c<Tidltions 
a. Total > w . 14/2/77 to 13/2/78 . n = 52 
W.Tot. ^ 3 0 Taip 5.1. 
S.E.C. 0.16 -0.16 -0.10 0.08 
-0.30 -0.34 0.42 -0.68 
-0.38 
*• 
-0.48 
• • 
0.55 -0.62 
K 0.04 O.IO O.JO 0.22 
Ca 0.01. 0,09 0.14 0.14 
^^  0.06 0.16 -0.35 0.37 
SiO^ -0.22 0.21 0.20 o.ia 
a -0.15 0.03 0.04 -0.21 
b. V,lnter. ftb^\tir. Ctt-Feb. n = 26 
W.Tot. ^^30 Taip S.I. 
S.E.C. -0.24 -0.17 -0.33 0.57 
-O.IS -0.11 0.14 -0.45 
rb 0.07 -0.16 0.13 0.23 
K 0.07 0.09 6.45 0.04 
d 0.03 0.09 0.11 -0.20 
-0,28 0.05 -0.17 0.04 
SIO^ 
*• 
-0.60 -0.70 0.07 0.35 
Ci 0.03 0.25 -0.34 0.42 
c. Sinnnr, flpr-Sept. n = 26 
W.Tot. ^ 3 0 TaTp s.i. 
S.E.C, -0.10 -0.31 0.22 
** 
-0.43 
-0.15 -0.13 0.26 -0.29 
fb -0.21 -0.29 
•« 
0.48 
«* 
-0.59 
K 0,34 0.29 -0.37 0.12 
Ca 0.08 0.12 -0.29 
•* 
0.54 
Nfe 0.01 0.02 -0.21 0.19 
Sio^ 0.04 0.14 0.48 0.19 
ci 0.00 0.05 0.23 0.10 
•» 
0.01 sienirtcuKe tev^l W.Tot. Total precipltaliCTi for t i e 
• 
0.05 .slsnUicance Ic.-el /\PjP /Vitrt-iv^ 
T f i T p . f . K - i n ' i i 11y i m j.ira ( i i iH 
S.I. S.->n'wr' 1 
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concentrations, which were thought to be s t a b l e because of the s l i g h t 
v a r i a t i o n (Section 8.3.1), appear to e x h i b i t a seasonal tr e n d s i m i l a r 
to sodliim. The seasonal tr e n d I n these c a t i o n s a f f e c t e d the pH v a r i a t i o n 
(Table 8.9). 
Winter and sunnier months were analysed separately to determine seasonal 
c o n t r a s t s i n the response of the ions to hydrometeorological f a c t o r s . 
Potassium was n e g a t i v e l y c o r r e l a t e d w i t h temperature I n sumner ( r = -0.4, 
0.05 s i g n i f i c a n c e l e v e l ) but p o s i t i v e l y c o r r e l a t e d i n w i n t e r ( r = 0,4, 
0.05 s i g n i f i c a n c e l e v e l ) . The l e v e l s of potassium decreased i n summer 
as the temperature rose due to increased uptake by the biomass. 
I n w i n t e r , however, lower temperatures caused the concentrations 
t o decrease as decomposition processes were r e t a r d e d . S i l i c a increased 
i n c o n c e n t r a t i o n i n sunmer. I n w i n t e r , s i l i c a l e v e l s Increased i n December 
as the seasonal index rose (Section 8,3.1), hence the p o s i t i v e c o r r e l a t i o n 
i n Table 8.9. Winter s i l i c a c oncentrations were n e g a t i v e l y c o r r e l a t e d 
w i t h the t o t a l p r e c i p i t a t i o n f o r the week and the AP^^ index. As the 
catchment wetness Increased so the s i l i c a l e v e l s d e c l i n e d . 
The r e s u l t s I n t h i s s e c t i o n c o n t r a s t w i t h those observed higher 
I n the system. This I s probably because of the Influence of discharge 
on the s o l u t e concentrations (Sections 8.3.3 and 8.3.4). 
8.3.3. Temporal v a r i a t i o n s i n stream chemistry - short term changes 
over f l o o d events 
Many research workers have i n v e s t i g a t e d the v a r i a t i o n s i n s o l u t e 
concentrations associated w i t h f l u c t u a t i o n s i n discharge (Hem, 1948; 
Ward, 1963; W a l l i n g , 1974; Foster, 1978). They demonstrated that s o l u t e 
concentrations e x h i b i t marked seasonal and storm-based v a r i a t i o n . D i l u t i o n 
d u r i n g periods of high f l o w was found to be the major process causing 
the decrease i n c o n c e n t r a t i o n both I n the short and long term. During 
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a storm, water w i t h a Icwer solute c o n c e n t r a t i o n , r e s u l t i n g i n d i l u t i o n . 
Therefore, the sol u t e response depends on both the r u n o f f processes 
operating i n the catchment and the s o l u t e sources. This has led several 
i n v e s t i g a t o r s to use the temporal v a r i a t i o n s d u r i n g storm events to i d e n t i f y 
s p e c i f i c r u n o f f conponents (Pinder and Jones, 1969). 
Chemographs; Three of the la r g e s t storm hydrographs, together w i t h 
t h e i r associated chemographs are presented i n Figure 8.8a-c.With the 
exception of potassium, a l l s o l u t e measures were i n v e r s e l y r e l a t e d to 
discharge. This d i l u t i o n e f f e c t can be explained i n terms of s a t u r a t i o n 
overland f l o w (Section 8.1.3) w i t h a low sol u t e c o n c e n t r a t i o n mixing 
w i t h more concentrated water produced from the r e g o l i t h . The r i s e i n 
potassium concentrations w i t h increasing discharge was evident i n a l l 
the storms and may be a t t r i b u t e d to the physical detachment of c l a y 
c o l l o i d s d u r i n g high r a t e s of storm r a i n f a l l (Hem, 1970; Douglas, 1972). 
An a d d i t i o n a l explanation i s that potassium may be more e a s i l y leached 
from the l i t t e r layer (Section 5.3.1) and overland f l o w e n t e r i n g the 
channel d i r e c t l y reduces the p o s s i b i l i t y of adsorption of potassium i n 
the s o i l m a t r i x . 
The c o n c e n t r a t i o n of ions d u r i n g the r i s i n g stages of the hydrograph 
are o f t e n d i f f e r e n t from those on the f a l l i n g stage. Many studies have 
used h y s t e r e s i s curves, to demonstrate these trends, (Hendrickson and 
Krieger, 1960, Foster, 1979). When the co n c e n t r a t i o n on the r i s i n g limb 
i s higher than that on the f a l l i n g limb, there i s a clockwise h y s t e r e t i c 
r e l a t i o n s h i p and v i c e versa. I n t h i s study there i s i n s u f f i c i e n t data 
from the e i g h t hour stream samplers f o r more than t e n t a t i v e conclusions 
to be made about s o l u t e behaviour dur i n g a storm. 
With the exception of potassium, which always rose i n co n c e n t r a t i o n 
w i t h the r i s i n g stage, c o n d u c t i v i t y and the remaining ions d i l u t e d on 
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the r i s i n g stage and rose i n c o n c e n t r a t i o n post f l o o d . 
Sodium, c h l o r i d e and s i l i c a h y s t e r e s i s loops were drawn f o r one 
storm i n surnner (24/8/77) and one i n w i n t e r (23/1/78) (Figure 8.9). 
A l l three ions e x h i b i t e d clockwise loops, the water chemistry of the 
stream being more d i l u t e at the end than at the comnencement of the storms. 
Seasonal d i f f e r e n c e s were noted f o r sodium and c h l o r i d e . The slope angle 
of the curves i n w i n t e r were less than those i n sumier, s i g n i f y i n g t h a t 
less d i l u t i o n occurred e a r l i e r i n the year because of the high c o n c e n t r a t i o n 
of the a t m o s p h e r i c a l l y derived ions. 
D e t a i l e d examination of chemographs i n the f u t u r e may provide i n s i g h t 
i n t o the f u n c t i o n i n g of the various pathways i n the short term. 
8.3.4. 'Long term v a r i a t i o n s i n stream chemistry - b i v a r i a t e a n a l y s i s 
Floods only represent, a small p r o p o r t i o n of the t o t a l flow. The 
r e l a t i o n s h i p between so l u t e l e v e l s and streamflow during the year, g e n e r a l l y 
described by s o l u t e r a t i n g curves, n e c e s s a r i l y r e f l e c t s the o p e r a t i o n 
of the broad scale seasonal, h y d r o l o g i c a l and biochemical f a c t o r s r a t h e r 
than what i s happening d u r i n g f l o o d s . Changes i n s o l u t e chemistry d u r i n g 
floods w i l l be superimposed onto these broad seasonal trends. 
Rating curves express the v a r i a t i o n i n c o n c e n t r a t i o n of a s o l u t e 
(dependent v a r i a b l e ) as a f u n c t i o n of discharge (independent v a r i a b l e ) . 
The r e l a t i o n s h i p may be l i n e a r (y = a + bx, e.g. Cleaves et^ aj^ » 1970; 
Lewis and g r a n t , 1980), or c u r v i - l i n e a r expressed i n the semi-log form 
(y = a log X + b, e.g. Likens et_ al_, 1967; Waylen, 1979) or l o g - l o g form 
( l o g y = a log X + b, e.g. Edwards, 1973; Oborne et_ al_, 1980). Foster (1980) 
questioned the l i n e a r i t y of these r e l a t i o n s h i p s and suggested that models 
of greater c o n p l e x i t y such as q u a d r a t i c , cubic or other higher forms 
may be r e q u i r e d . The r e l a t i o n s h i p used depends on the range of fl o w s . 
For exanple, the simple l i n e a r model was s a t i s f a c t o r y f o r Lewis and Grant 
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(1980) because t h e i r range of f l e w was f r a n 30 to 300 1 s"^ (1 order 
of magnitude), whereas Foster (1979) found complex l o g a r i t h m i c r e l a t i o n s h i p s 
more s u i t a b l e , h i s range being 1 to 1000 1 s ^ (3 orders of magnitude). 
Three l i n e a r regression models were t e s t e d , based on data f o r the 
year (N = 364), using mean d a i l y discharge, expressed 1 s ^, and s o l u t e 
c o n c e n t r a t i o n measured at one po i n t i n time during the day. The models 
are as f o l l o w s : 
1. mean d a i l y discharge and s o l u t e c o n c e n t r a t i o n untransfonned 
2. mean d a i l y discharge alone logjQ transformed 
3. both v a r i a b l e s loSjo ^ ^ ^ ' ^ s ^ ^ ^ ^ ^ 
Pearson product moment c o r r e l a t i o n c o e f f i c i e n t s c a l c u l a t e d f o r each 
r e l a t i o n s h i p are presented i n Table 8.10. The r e s u l t s are s i g n i f i c a n t 
i n a l l cases except f o r c o n d u c t i v i t y and c h l o r i d e . For the other ions, 
the r e s u l t s of the three models was s i m i l a r and a simple l i n e a r model 
was t h e r e f o r e considered s a t i s f a c t o r y . The data were p l o t t e d out on 
scattergrams presented i n Figure 8,10 together w i t h the lea s t squares 
regression l i n e (Table 8,11). The l e v e l of e x p l a n a t i o n using least squares 
regression i s very low i n comparison w i t h other studies such as Waylen 
(1979, 50%) and Foster (1980, 65%) and ranged from 3% f o r calcium t o 
40% f o r sodium and averaged about 10%. The pronounced degree of s c a t t e r 
i s due p a r t l y t o the method of c a l c u l a t i o n employing mean d a i l y discharge, 
inaccuracies i n chemical a n a l y s i s , problems of h y s t e r e s i s and seasonal 
e f f e c t s . I s o l a t i n g the delayed f l o w component to remove the e f f e c t of 
f l o o d s , and s u b d i v i d i n g t h i s on the basis of season might reduce the amount 
of s c a t t e r . Seasonal v a r i a t i o n i n stream water c o n c e n t r a t i o n has been 
noted both by Likens et_ al_ (1967 ) , Lewis and Grant (1980), although i n 
t h i s study i t was r a t h e r l i m i t e d (Section 8.3.1). 
Examination of Figure 8.10 emphasises the very l i m i t e d range of 
values of c o n c e n t r a t i o n f o r a wide range of discharges. For example 
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T^^e 8.10. Etoson.product mansnt correlaticn coefficieits calculated for discharge 
and solute conceitrations, 14/2/77 to 12/2/78, n = 364 
LhtransfomBd E)ischarge Discharge and 
variables log 10 
transfonnsd 
solutes log 10 
transfoimad 
S.E.C, 0.06 0.04 0.05 
FH 
*** 
-0.46 -0.49 
*** 
-0.49 
^h -0.63 *** -0.66 
*** 
-0.64 
K ** -0.29 -0.27 
** 
-0.29 
Ca 0.17 ** 0.21 0.23 
Nfe 0.23 0.24 0.26 
SiO^ ** -0.25 
** 
-0.23 
** 
-0.24 
CI 0.10 0.01 0.01 
0.001 significance level 
^ 0.01 significance level 
0.05 significance level 
T^le 8.11 . Agression equations and standard errors for discharge (Is \rxi solute 
ccncentraticn (nqg iS. 14/2/77 to 13/2/78. n = 364 
Itegression equation Std, Eirror Significance level 
S.E.C. Y = 54.3904 + 0.032X 0.0015 n.s. 
FH Y = 6.0059 - O.OOlSx 0.0002 0.001 
Y = 7.7648 - 0.0027X 0.0002 0.001 
K Y = 1.0265 - 0.0004X 0.0001 0.01 
Ca Y = 1.2489 + 0.0004X 0.0001 0.05 
Y = 0.8982 + 0.0003X 0.0001 0.01 
SiO^ Y = 6.9585 - 0.0022X 0.0005 0.01 
a Y = 10.3984 + O.OOOlx 0.0005 n.s. 
sodium, which e x h i b i t s the greatest r a t e of change, decreases from 7.5 
to 6.4 mg 1 ^ as discharge r i s e s from 100 to 500 1 s ^, a change of 14%. 
This chemical s t a b i l i t y of the system has also been noted by Likens et a l 
(1969) f o r the Hubbard Brook, and Cryer (1976) f o r the Maesnant catchment. 
Plynlymon. Since v i r t u a l l y a l l of the stream water has passed through 
the s o i l , short term ion-exchange r e a c t i o n s plus the r e l a t i v e l y large 
b u f f e r i n g c a p a c i t y of the s o i l ensure t h a t the stream water composition 
i s almost constant. Differences i n behaviour of i n d i v i d u a l ions described 
below depend on seasonal f a c t o r s , sources of supply, hydro-meteorological 
f a c t o r s and r u n o f f generation processes. However, the constancy of com-
p o s i t i o n due to chemical b u f f e r i n g must always be borne i n mind. 
There are three groups of ions which can be d i s t i n g u i s h e d from Table 
8.11. F i r s t l y , there are the ions w i t h a p o s i t i v e g r a d i e n t , i n d i c a t i n g 
that t h e i r c o n c e n t r a t i o n increased as discharge rose. Hydrogen, calcium 
and magnesium reacted i n t h i s way. Secondly, there are those ions w i t h 
a negative gradient which d i l u t e d as discharge increased. Sodium, potassium 
and s i l i c a behaved i n t h i s manner. T h i r d l y , there are the chemical measures 
which are not s i g n i f i c a n t l y r e l a t e d to discharge, such as c o n d u c t i v i t y 
and c h l o r i d e . 
Hydrogen: , On an annual basis of c a l c u l a t i o n , the 
hydrogen ion c o n c e n t r a t i o n was p o s i t i v e l y c o r r e l a t e d w i t h discharge 
( r = 0,5, 0.001 s i g n i f i c a n c e l e v e l ) . I n sunmer. less water moved through 
the system f a c i l i t a t i n g c a t i o n exchange processes, weathering was more 
r a p i d and t h e r e f o r e the hydrogen ion c o n c e n t r a t i o n was low. I n w i n t e r , 
however, discharge through the s o i l increased, residence time decreased 
and weathering r a t e s diminished. I n a d d i t i o n , large q u a n t i t i e s of water 
c o n t a i n i n g d i s s o l v e d organic acids q u i c k l y entered the stream from the 
saturated areas on the moorland plateau. 
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Sodium: (Figure 8.10). Sodium co n c e n t r a t i o n was at a maximum du r i n g 
low flows which occurred i n suniner (Section 8.3,1). D i l u t i o n occurred 
i n w i n t e r reducing the c o n c e n t r a t i o n as discharge rose. 
Potassium: Whilst potassium c o n c e n t r a t i o n rose w i t h discharge d u r i n g 
an i n d i v i d u a l storm event (Section 8.3.2), on an annual b a s i s , potassium 
behaved i n a s i m i l a r manner to sodium. Potassium concentrations decreased 
during high flows of w i n t e r due to d i l u t i o n (Figure 8.10). 
Calcium; (Figure 8.10). Unlike the monovalent ions, calcium i s 
displaced at higher flows i n the s o i l d u r i n g w i n t e r and hence increased 
i n c o n c e n t r a t i o n when i n t e r f l o w was most r a p i d . A d d i t i o n a l i n t e r f l o w 
pathways, r i c h i n calcium, also came i n t o o p e r a t i o n , c o n t r i b u t i n g h i g h 
l e v e l s of calcium as t h i s was f l u s h e d out (Section 6.3.2). 
Magnesium: (Figure 8.10). This d i v a l e n t ion behaved i n a s i m i l a r 
manner to calcium. 
Si 1ica: Figure 8.10 demonstrates that as discharge rose, c o n c e n t r a t i o n 
decreased. As s t a t e d i n Section 8.3.1. s i l i c a i s e f f i c i e n t l y b u f f e r e d , 
so that as discharge increased from 100 to 500 1 s * \ c o n c e n t r a t i o n d e c l i n e d 
from 6.7 to 5.9 mg I \ a r e d u c t i o n of only 13%. The complex mechanisms 
by which s i l i c a maintains i t s c o n c e n t r a t i o n are discussed by Douglas (1978) 
and include the r a p i d m o b i l i s a t i o n of s i l i c a from the weathering p r o f i l e 
and the r e v e r s i b l e movement out of s o l u t i o n onto amorphous layers of 
aluminium s i l i c a t e s . 
C o n d u c t i v i t y and c h l o r i d e : (Figure 8.10). C o r r e l a t i o n s between 
these chemical measures and discharge were not s i g n i f i c a n t . This r e s u l t 
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has been recorded by both Waylen (1979), who a t t r i b u t e d i t to a n a l y t i c a l 
e r r o r and Foster (1979), who explained t h a t random shocks t o the system 
were the cause. The exanple of c h l o r i d e , which i s not b u f f e r e d by the 
s o i l system, serves t o i l l u s t r a t e the importance of the exchange and 
weathering r e a c t i o n s f o r the other ions. 
8.4. P r i n c i p a l components a n a l y s i s of stream water chemistry 
8.4.1. P.C.A. of streanwater chemistry at Headweir 
P r i n c i p a l components a n a l y s i s was used t o examine the major sources 
of v a r i a t i o n i n the s o l u t e chemistry of the stream at Headweir. I n i t i a l l y , 
a l l the water samples (365) f o r the p e r i o d 14/2/77 t o 13/2/78 were used 
i n the a n a l y s i s , but t h i s r e s u l t e d i n a l l the p o i n t s c l u s t e r i n g together, 
w i t h the exception of three storm events which were located i n an extreme 
corner of the diagram. These three events were removed from the a n a l y s i s 
so that the v a r i a t i o n w i t h i n the group representing samples from the 
m a j o r i t y of the year (362 days) could be studi e d i n more d e t a i l . This 
set of samples was then subsampled, s e l e c t i n g the f i r s t day of the week 
(Monday) f o r the a n a l y s i s (52 samples). The r e s u l t s were s i m i l a r , but 
the smaller subset has the advantage t h a t i n t e r p r e t a t i o n of the temporal 
v a r i a t i o n i s e a s i e r . 
The e i g h t chemical measures f o r the streamvater, sampled once per 
week were entered to the P.C.A. The f i r s t three conponents explained 
60% of the v a r i a n c e , component I e x p l a i n i n g 24%, component I I 20% and 
component I I I 16% (Table 8.12). Component I i s no longer as dominant 
as i t was, f o r example, i n the a n a l y s i s of bulk p r e c i p i t a t i o n (45%) or 
springwater 53%. Part of the explanation i s that the range of concentra-
t i o n s i s much less than that noted f o r other pathways. The temporal 
f l u c t u a t i o n s are reduced because of the s t a b i l i t y of the system. 
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Table 8.12 Component loadings on the f i r s t three o r i n c i o a l 
components of stream water chemistry at Headweir 
Cc^nponent I Variance 24% 
explained 
Sodium 0.579 
pH 0.551 
Chloride 0.316 
^bgnesium 0,309 
Component I I Variance 20% 
explained 
Chloride 0.571 
Si 1ica -0.473 
Magnesium 0.438 
Component I I I Variance 16% 
explained 
Conduct i v i t y -0.646 
Calcium 0.476 
Si 1ica 0.361 
T o t a l variance explained 60% 
I n v e s t i g a t i o n of the loadings of the three components (Table 8,12) 
shows that components I and I I are dominated by sodium, c h l o r i d e and 
magnesium, w i t h hydrogen h i g h l y loaded i n the f i r s t component and s i l i c a 
i n the second. These r e s u l t s suggest that temporal v a r i a t i o n i n chemical 
composition of the stream water i s mainly the r e s u l t of changes i n marine 
derived ions, although those d e r i v e d from weathering are s t i l l important. 
Component I I I has high loadings f o r c o n d u c t i v i t y , s i l i c a and calcium. 
C o n d u c t i v i t y i s s i g n i f i c a n t l y c o r r e l a t e d w i t h marine derived ions, w h i l s t 
s i l i c a and calcium are both weathering d e r i v e d . Component I , as w i t h 
I and I I , i s i n f l u e n c e d by solutes from both sources. Solute v a r i a t i o n 
i n the Narrator Brook i s t h e r e f o r e the r e s u l t of seasonal trends i n both 
i n t e r n a l l y and e x t e r n a l l y d e rived ions. 
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The temporal v a r i a t i o n s are demonstrated i n Figure 8.11a,b, which presents 
the component scores i n terms of week numbers on the f i r s t p l o t and of 
month of c o l l e c t i o n on the second. Axis I i s a measure of sodium, pH, 
c h l o r i d e and magnesium, which, w i t h the exception of c h l o r i d e , a l l demon-
s t r a t e a h i g h l y seasonal tr e n d (Table 8,9a). Component I scores were 
high i n summer, f o r example samples 23 ( J u l ) , 24 ( J u l ) and 25 (Aug), 
when p r e c i p i t a t i o n inputs were low and residence time f o r water was h i g h . 
Conversely component I scores were low i n w i n t e r f o l l o w i n g weeks of high 
r a i n f a l l , f o r example 2 (Feb, 89 mm), 7 (Mar, 6 mm) and 49 (Jan, 104 nm). 
This i s p a r t l y the r e s u l t of d i l u t i o n by more water moving r a p i d l y through 
the system i n a d d i t i o n to the greater amount of p r e c i p i t a t i o n e n t e r i n g 
the channel d i r e c t l y . 
Axis I I i s a measure of c h l o r i d e , s i l i c a and magnesium. Sanqjles 
w i t h h i g h loadings, such as 51 (Jan, Figure 8.11), occurred i n w i n t e r 
and possessed high concentrations of c h l o r i d e and magnesium but low 
concentrations of s i l i c a . R a i n f a l l was high due to depressions moving 
across the southwest p e n i n s u l a r , importing large q u a n t i t i e s of c h l o r i d e 
and magnesium. S i l i c a l e v e l s were low due to d i l u t i o n . S i m i l a r l y i n 
s p r i n g (e.g. 8 & 9, A p r ) , c h l o r i d e l e v e l s were h i g h (11,0 mg I'S, being 
associated w i t h stormy periods. S i l i c a l e v e l s remained low. I n sumner 
the weather was dominated by a n t i c y c l o n e s . Chloride l e v e l s d e c l i n e d 
whereas s i l i c a l e v e l s rose. The storm of 29th August ( 2 9 ) , f o r example, 
caused c h l o r i d e l e v e l s to decrease to 8.8 mg l ' ^ and s i l i c a l e v e l s to 
r i s e to 7.7 mg 1 ^ f o r reasons discussed above (Section 8.3.2). The 
increase i n s i l i c a was the r e s u l t of f l u s h i n g of accimiulated s a l t s as 
various wet weather pathways came i n t o o p e r a t i o n . 
V a r i a t i o n i n stream chemistry i s the product of changes i n both 
marine and weathering derived ions. This r e s u l t i s i n c o n t r a s t w i t h 
that f o r other pathways higher i n the system, namely b u l k p r e c i p i t a t i o n , 
dominated by e x t e r n a l l y d erived ions and i n d i v i d u a l springs dominated by 
i n t e r n a l l y d e r i v e d ions. 
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8.4.2 Comparison of P.C.A. r e s u l t s from Headweir and ST2 
The s p a t i a l v a r i a t i o n s i n s o l u t e concentrations between ST2 and 
Headweir, that i s upstream and downstream of the f o r e s t , have been discussed 
i n Section 8.2.2. P.C.A. o f f e r s a useful technique f o r determining sources 
of v a r i a t i o n between the two s i t e s , and i n p a r t i c u l a r whether they r e s u l t 
from processes a c t i n g w i t h i n the f l o w i n g water or from processes e x t e r n a l 
to the stream. The data set f o r the year at ST2 was subjected to P.C.A., 
i n order to compare the r e s u l t s f o r the two s t a t i o n s . The f i r s t four 
components explained 75% of the va r i a n c e , a l l eigenvalues being greater 
than 1.0. Components I and I I . e x p l a i n i n g 43% of the variance depend 
on calcium, hydrogen, magnesium, s i l i c a and c o n d u c t i v i t y , w h i l s t con^sonents 
I I I and IV, e x p l a i n i n g 32% of the variance, are dominated by c h l o r i d e , 
sodium and potassium. Comparison of the r e s u l t s at Headweir (Table 8,12) 
w i t h those at ST2 suggests that i n t e r n a l l y d e r i v e d ions are more important 
above the f o r e s t and tha t e x t e r n a l l y d e rived ions are more s i g n i f i c a n t 
below "it..- ' - r r P r e l i m i n a r y i n d i c a t i o n s f o r the Narrator Brook are that 
e x t e r n a l processes, p a r t i c u l a r l y of aerosol entrapment by the f o r e s t , 
are more important than chemical i n t e r a c t i o n s w i t h i n the f l o w i n g water 
body. The uses of P.C.A. are j u s t beginning to be explored and f u r t h e r 
analyses are r e q u i r e d to demonstrate the p o t e n t i a l of t h i s approach t o 
stream water chemistry. 
8.5. Sunmary 
The r e s u l t s of t h i s chapter are sunmarised i n Table 8,13. 
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I ^ l e 8.13 Sumary chart for strecsn ctenistry results 
Elemait Sources Ccncentratioi change 
doMTstreamof forest 
Toiporal 
variation 
Long teitn 
variatioa 
with i«;. 
discharge 
Hydrogsi Atno^Dhere, 
organic acids 
frandeccnp. l i t t e r 
Sodlim Predan. rmrine 
origin. Also 
hydrolysis of 
felspars 
Ebtassiun Predan. biological 
origin 
Calciun fertly terrestrially 
derived, partly 
frcm felspars 
Ivfegnesiun Predom. nnrine 
origin 
Silica ^feathering of 
felspars 
Chloride Nferine derived 
Cfecrease due 
to greater 
disolution in 
forest 
Increase due 
to entrapnait 
and dlsolution 
Increase 
Increase 
Increase 
Increase due to 
inc. evapotrans-
pi rat ion and 
disoluticm 
Increase, due to 
entrapuait by forest 
Vftnter peak 
Slight 
Sunner peak 
due to less v^ater 
in systen + inc. 
^j^thering 
-Almost CCTistant 
AlmDst constant 
AlmDst ccffistant 
S l i ^ t variation, 
peak in sunnar 
Lonest in sumer and 
autum. Hi^iest 
in winter & spring 
vhai nDst stonns 
occurred. 
Slight rise 
as residence 
time dec. 
Smll 
fjfyrp;^^ due 
to diluticxi 
S l i ^ t 
decrease on 
seasonal 
basis. Slight 
inc. during 
stonn. 
Smll 
increase 
SiBll 
increase 
Slight 
decrease 
but 
effi c i e n t l y 
buffered 
Efelationship 
not s i g n i f i -
cant. 
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CHAPTER 9 
WEATHERING PRXESSES AND THE GEOCHEMICAL BALANCE IN THE NARRATOR CATCHMENT 
9.1 I n t r o d u c t i o n 
One of the main aims of t h i s t h e s i s i d e n t i f i e d i n the i n t r o d u c t i o n 
(Chapter 1) was to q u a n t i f y the contemporary r a t e of weathering i n the 
catchment. This chapter seeks to achieve t h i s o b j e c t i v e by c a l c u l a t i n g 
the amount of chemical erosion t a k i n g place. Previous chapters have 
described the s o l u t e chemistry a t var i o u s p o i n t s along the water pathways 
from the atmosphere to the stream. The l o g i c a l progression from t h i s 
i s t o i n t e g r a t e the s o l u t e chemistry i n a chemical balance by considering 
the annual inputs from the atmosphere and the outputs i n the stream. 
Using the mass balance (Section 9.2.1), the amount of chemical weathering 
can be c a l c u l a t e d . However, t h i s g e n e r a l l y over-estimates the magnitude 
of weathering because i t f a i l s t o measure s a t i s f a c t o r i l y the dry f a l l o u t 
c o n t r i b u t i o n . To compensate f o r t h i s , the excess output of c h l o r i d e 
i n the mass balance i s assumed to be the r e s u l t of dry d e p o s i t i o n . 
Allowance can be made f o r the other ions using the Claridge (1973) method, 
described i n Section 9.2.1. The d r y f a l l o u t component can t h e r e f o r e 
be e l i m i n a t e d from the balance, enabling the amount of chemical e r o s i o n 
to be c a l c u l a t e d (Section 9.2.2). 
Having e s t a b l i s h e d the weathering i n p u t , the mineral sources of 
these ions, together w i t h t h e i r a l t e r a t i o n products, must be considered. 
I n v e s t i g a t i o n of the s o i l ' s primary and secondary minerals was undertaken 
using r e s i n a t e d t h i n sections and Xray d i f f r a c t i o n (Section 9.4), On 
the basis of minerals thus i d e n t i f i e d , simple equations were used t o 
c a l c u l a t e the amounts of primary minerals being a l t e r e d (Section 9.3.1), 
P r e l i m i n a r y i n v e s t i g a t i o n s were made of the major pedological processes 
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c u r r e n t l y a c t i v e i n the catchment. 
The hydro^ogrca^ budget" . 
I n order t o c a l c u l a t e the geochemical balance, i t i s f i r s t necessary 
to determine the h y d r o l o g i c a l budget. This budget i s con^juted using 
the c o n t i n u i t y equation, i n which input equals output plus or minus the 
change i n storage: 
p = R + E;^. + ^ S (1) 
where P i s p r e c i p i t a t i o n i n p u t , R and E^ . are the output i n stream r u n o f f 
and e v a p o t r a n s p i r a t i o n r e s p e c t i v e l y , and AS i s the change i n storage. 
The balance i s u s u a l l y c a l c u l a t e d f o r the p e r i o d of one year, chosen 
such that the change i n storage i s minimal. I n B r i t a i n the Water Year 
i s d e f i n e d by the Water A u t h o r i t i e s as the twelve months from 1st October 
to 30th September, Other periods may also be used, and Likens et a l 
(1977) reconmends choosing a water year which most c o n s i s t e n t l y gives 
the best c o r r e l a t i o n between r a i n f a l l input and streamflow output. 
U n f o r t u n a t e l y long data sets of h y d r o l o g i c a l and so l u t e i n f o r m a t i o n are 
not g e n e r a l l y a v a i l a b l e from experimental catchments. For p r a c t i c a l 
reasons the twelve month p e r i o d selected f o r t h i s study was from 14th 
February, 1977 to 13th February, 1978. The choice was constrained by 
the comniencement of m o n i t o r i n g the s o l u t e c o n c e n t r a t i o n of p r e c i p i t a t i o n 
i n February. 1977 and the b l i z z a r d s i n mid-February, 1978. The l a t t e r 
r e s u l t e d i n complete loss of data f o r two weeks w i t h the r e s u l t that 
t h i s p e r i o d was excluded from the a n a l y s i s . During the water year 14/2/77 
to 13/2/78, t o t a l discharge was 6,870,000 m^  or 1478 nm (Section 8,1.1). 
C a l c u l a t i o n of the r a i n f a l l input presented a major problem, as 
o u t l i n e d i n Section 2.3, due to the under recording of the moorland r a i n 
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gauges. To overcome t h i s d i f f i c u l t y , r a i n f a l l t o t a l s from nearby S.W.W.A. 
r a i n gauges were also taken i n t o account (Table 9.1). An iso h y e t a l method 
Table 9.1 R a i n f a l l t o t a l s from S.W.W.A. gauges 1/2/77 to 31/1/78 
Locat ion A l t i t u d e (m) R a i n f a l l T o t a l (nm) 
Redstone 232 1595 
Burrator Lawn 221 1615 
Deanconbe Farm 246 1818 
S t a l l Nbor, Plym Head 378 2259 
Princetown Prison 414 2080 
was used to determine the t o t a l r a i n f a l l input since i t enabled a number 
of f a c t o r s such as r e l i e f , aspect and the d i r e c t i o n of p r e v a i l i n g storms 
to be taken i n t o account. Table 9,1 demonstrates that a l t i t u d e i s not 
the only c o n t r o l on r a i n f a l l t o t a l s , the r a i n gauge at Princetown P r i s o n , 
i n the lee of North Hessary Tor, having a lower r a i n f a l l t o t a l than StaM 
Moor, Plym Head, i n the d i r e c t path of the s o u t h - w e s t e r l i e s . W i t h i n 
the catchment the slopes below Down Tor and Combshead Tor are o r i e n t a t e d 
to south-west, w h i l s t Eylesbarrow at 456 m faces west (Figure 2.1). Such 
aspects and e l e v a t i o n ensure a high annual r a i n f a l l input to the catchment. 
This input was c a l c u l a t e d to be 1904 nm f o r the twelve month p e r i o d of 
the experiment 14/2/77 to 13/2/78. Using the h y d r o l o g i c a l budget equation 
( 1 ) , e v a p o t r a n s p i r a t i o n was 426 mn. This i s close to the p o t e n t i a l t r a n s -
p i r a t i o n t o t a l of 457 mn determined by M.A.F.F, (1967) f o r land i n Devon 
at 350 m, but lower than the 650 nm p o t e n t i a l e v a p o t r a n s p i r a t i o n c a l c u l a t e d 
f o r the area by S.W.W.A. (1978). 
Assuming that no change i n water storage took place, 77% of the 
incoming p r e c i p i t a t i o n l e f t v i a the stream. This r e s u l t i s t y p i c a l of 
upland B r i t a i n w i t h high r a i n f a l l inputs and low e v a p o t r a n s p i r a t i o n losses. 
311 
For example, Cryer (1976) f o r the Maesnant catchment, Plynlymon recorded 
80.2% r u n o f f from p r e c i p i t a t i o n , and Reid et_ al_ (1981) found the r u n o f f 
to be 85.7% of the i n p u t . By c o n t r a s t , i n the lowlands, where r a i n f a l l 
i s lower, e v a p o t r a n s p i r a t i o n losses are g r e a t e r , and t h e r e f o r e per cent 
run o f f i s much lower. Gregory and Vfalling (1973), f o r example, recorded 
44% r u n o f f from a catchment i n E. Devon. 
I n summary, annual p r e c i p i t a t i o n was 1904 mn, annual r u n o f f was 
1478 ran, and e v a p o t r a n s p i r a t i o n and leakage losses amounted t o 426 ran. 
9.2. The geochemical balance 
9.2.1. C a l c u l a t i o n of the geochemical balance 
The geochemical balance (Table 9.2) was determined using the c o n t i n u i t y 
equation. Solute input i n bulk p r e c i p i t a t i o n equals s o l u t e output i n 
the stream plus or minus change i n storage. 
Table 9.2. Geochemical balance f o r the Narrator catchment (14/2/77 
to 13/2/78, kg ha"^ a"S 
H Na K Ca Mg SiO^ CI 
1. Input 
2. Output 
3. Balance 
1.05 
0.05 
• +1.00 
73.36 7.91 
103.08 13.58 
-29.72 -5,67 
6,38 
19.54 
-13".13 
8.52 
13.97 
-5.45 
0.12 
92.66 
-92.54 
114.82 
151.36 
-36.54 
* + : net i n p u t ; net output 
P r e c i p i t a t i o n i n p u t s : The s o l u t e inputs i n b u l k p r e c i p i t a t i o n were 
c a l c u l a t e d on a weekly basis as the product of the c o n c e n t r a t i o n of each 
element i n r a i n f a l l c o l l e c t o r G4 (Figure 3.4, Section 4.1.1.) and the amount 
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of p r e c i p i t a t i o n e n t e r i n g the catchment. This method assumes that the 
concentration of ions i n b u l k p r e c i p i t a t i o n does not vary s i g n i f i c a n t l y 
over the catchment (Section 4.1.2) and that the amount of p r e c i p i t a t i o n 
could be c a l c u l a t e d from the r a i n f a l l t o t a l s at Headweir r a i n gauge, 
corrected by a w e i g h t i n g f a c t o r (1.2) derived from the i s o h y e t a l method 
as the average f o r the catchment. 
Table 9.2 shows the importance of the sodium and c h l o r i d e inputs 
i n t o the catchment, accounting f o r almost 90% of the incoming load. The 
dominance of these ions of marine o r i g i n i s due to the p r o x i m i t y of the 
catchment to the sea (Section 4.1.2). Magnesium i s also supplied from 
the ocean, but since i t s c o n c e n t r a t i o n i n sea water i s lower than e i t h e r 
sodium or c h l o r i d e , i t s t o t a l input i s also lower. Potassium and calcium, 
t e r r e s t r i a l l y d e r i v e d ions (Section 4.1.2), c o n t r i b u t e d only 7% of the 
i n p u t . 
The hydrogen ion input (1,0 kg ha ^ a*^) was d e r i v e d from background 
p o l l u t i o n i n the atmosphere. I t i s s i m i l a r i n amount to that recorded 
by Reid et_ aj_ (1981, 0.80 kg ha"^ a*S. 
Stream output: The output was c a l c u l a t e d on a d a i l y basis as the 
product of the s o l u t e c o n c e n t r a t i o n of a s t r e a m ^ t e r sample and t o t a l 
d a i l y discharge. These d a i l y outputs were sunmed f o r the year to determine 
the loss at the catchment e x i t . Solute output was 1.8 times that of 
the solutes input i n p r e c i p i t a t i o n , demonstrating a considerable loss 
of m a t e r i a l from the catchment. The greatest annual losses were f o r 
c h l o r i d e (151 kg ha"^ a'^) and sodium (103 kg ha a " ^ ) , comprising 38% 
and 26% of the t o t a l load r e s p e c t i v e l y . T o t a l s i l i c a losses were a l s o 
high (93 kg ha ^ a ^) because the basin i s u n d e r l a i n by g r a n i t e , which 
con s i s t s of more than 70% SiO^ by weight. 
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Balance: This was c a l c u l a t e d as the d i f f e r e n c e between the annual 
input i n b u l k p r e c i p i t a t i o n and the output i n the stream. A l l the ions 
showed a net loss from storage except hydrogen which gained 1,0 kg ha ^a ^ 
(Table 9.2). S i l i c a e x h i b i t e d the greatest loss (93 kg ha"^ a~^) i n d i c a t i n g 
considerable leaching of the s i l i c a t e minerals (Section 9.4.3). There 
was also a large net output of c h l o r i d e (37 kg ha~^ a ~ ^ ) , f o r which there 
i s no major weathering source i n the catchment. Since the c h l o r i d e input 
and output should be approximately equal, t h i s r e s u l t suggests t h a t the 
input of dry f a l l o u t was not monitored s a t i s f a c t o r i l y by the b u l k f a l l o u t 
c o l l e c t o r s and that i t made a s u b s t a n t i a l c o n t r i b u t i o n to the balance. 
Dry f a l l o u t : Eriksson (1955, 1960) demonstrated t h a t large q u a n t i t i e s 
of c h l o r i d e , sodium and magnesium could be deposited as dry f a l l o u t through 
the process of aerosol entrapment by v e g e t a t i o n (Section 4.2.3), At 
present there i s no s a t i s f a c t o r y method of m o n i t o r i n g the dry f a l l o u t 
c o n t r i b u t i o n to a catchment. Bulk p r e c i p i t a t i o n c o l l e c t o r s are i n e f f i c i e n t , 
since they only c o l l e c t the aerosols by sedimentation, and the presence 
of the gauges may cause turbulence, which d e f l e c t s the p a r t i c l e s . Other 
devices used include cones of nylon (Juang and Johnson, 1967; C l a r i d g e , 
1971) and h o r i z o n t a l planes of nylon n e t t i n g (Yaalon and Lomas, 1970; 
N i h l g a r d , 1970). However, these methods are u n s a t i s f a c t o r y because the 
e f f i c i e n c y of entrapment i s unknown and hence they can o n l y be used f o r 
comparative purposes. 
An a l t e r n a t i v e approach considers t h a t the annual net output of 
c h l o r i d e i s balanced by the dry f a l l o u t c o n t r i b u t i o n , assuming that there 
i s no a d d i t i o n a l source i n the r e g o l i t h (White and Starkey, 1970; Williams 
e l aj_ 1983b). On t h i s b a s i s , the dry f a l l o u t c o n t r i b u t i o n of c h l o r i d e 
(37 kg ha"^ a~S accounts f o r 24% of the t o t a l i n p u t . 
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The c a l c u l a t i o n of the dry f a l l o u t c o n t r i b u t i o n of the other ions 
i s a much greater problem and followed Claridge's (1973) method. He 
demonstrated t h a t the r a t i o s of the i o n i c concentrations i n dry f a l l o u t 
were i d e n t i c a l t o those i n p r e c i p i t a t i o n . I n t h i s present study the 
net output of c h l o r i d e was c a l c u l a t e d on a weekly basis and m u l t i p l i e d 
by the r a t i o of the c a t i o n to c h l o r i d e computed f o r each week. This 
method worked w e l l f o r sodium and magnesium because both ions were s i g n i f i -
c a n t l y c o r r e l a t e d w i t h c h l o r i d e (0.93 and 0,97, 0.001 s i g n i f i c a n c e l e v e l . 
Table 4.5), since they a l l have a marine o r i g i n . The Claridge approach 
was less successful f o r potassium and calcium because they have a d i f f e r e n t 
source, being t e r r e s t r i a l l y d e r i v e d . Ratios of these ions to c h l o r i d e 
changed throughout the year, depending on the i n f l u e n c e of the v a r i o u s 
sources. Therefore, the r a t i o s of the mean weighted concentrations f o r 
the year (Table 4.1) were used. The dry f a l l o u t c o n t r i b u t i o n s of the 
various c a t i o n s was c a l c u l a t e d and the r e s u l t s presented i n Table 9.3. 
Inherent d i f f i c u l t i e s w i t h the Claridge (1973) method must be considered 
when c a l c u l a t i n g the t o t a l input (Table 9.3) and when i n c o r p o r a t i n g these 
r e s u l t s i n t o the chemical balance. Problems i n the c a l c u l a t i o n of the 
dry f a l l o u t c o n t r i b u t i o n wi11 a f f e c t the c o n f u t a t i o n of the amounts of 
chemical erosion and hence the amounts of minerals a l t e r e d by weathering 
(Section 9.3.2). 
Table 9.3 Inputs of wet and dry f a l l o u t i n t o the Nar r a t o r catchment 
14/2/77 to 13/2/78, kg ha a ) 
H Na K Ca Mg SiO^ CI 
Input i n wet f a l l o u t 1.05 73.31 7.91 6.38 8.52 0.12 114. 82 
Input i n dry f a l l o u t 23.06 '2.49 1.81 3.15 - 36. 54 Total input 1.05 96.37 10.40 8.19 11.67 0.12 151. 36 
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Biomass storage: Changes i n the amounts of n u t r i e n t s stored i n the 
biomass would cause the gain or loss of solutes from the catchment. The 
m a j o r i t y of studies concerned w i t h a geochemical balance make the assumption 
th a t the v e g e t a t i o n i s i n e q u i l i b r i u m , i . e . that changes i n biomass storage 
are n e g l i g i b l e (Johnson et a l , 1968; Cleaves et^ al_, 1970; V e r s t r a t e n , 1977; 
Reid et_ al_, 1982), W i t h i n the Narrator catchment the changes i n biomass 
were also considered to be of minor importance. The heath conmunities 
on the moorland are the r e s u l t of c e n t u r i e s of grazing and burning and 
represent a pl a g i o c l i m a x . The s i t k a spruce trees have reached m a t u r i t y ; 
biomass accumulation i s t h e r e f o r e slow and equal t o the loss of n u t r i e n t s 
from decomposing le a f l i t t e r and r o t t i n g timber. S i m i l a r l y , the bracken 
c o l o n i s i n g the h i l l s l o p e s i s i n r e l a t i v e e q u i l i b r i u m . 
The e f f e c t of man on n u t r i e n t gain or loss was al s o n e g l i g i b l e . 
There were no a d d i t i o n s of f e r t i l i s e r or lime, and the minimal losses 
due to animals being removed from the catchment ( C r i s p , 1966) would probably 
equal the gain due to w i n t e r feed brought i n to supplement t h e i r d i e t . 
The assumption can t h e r e f o r e be made that n e i t h e r n u t r i e n t c y c l i n g nor 
anthropogenic f a c t o r s had any e f f e c t on the chemical balance. 
9.2.2. Chemical erosion 
I n c o n t r a s t t o Table 9.2, which o n l y considered the input i n wet 
f a l l o u t , the input i n TaJjle 9.4 also takes i n t o account the dry f a l l o u t 
c o n t r i b u t i o n . The amount of chemical erosion can be c a l c u l a t e d as the 
d i f f e r e n c e between the stream outputs and the inputs i n wet and dry 
f a l l o u t . The amended erosion f i g u r e s show a considerable output of s i l i c a , 
and a s i g n i f i c a n t loss of calcium, sodium and potassium. 
The f i g u r e s i n Table 9.4 show that there was a net input of 1.00 kg 
ha ^ a ^ of hydrogen, which i s the d r i v i n g force of chemical weathering. 
T h e o r e t i c a l l y , t h i s increase of 1040 Eq ha"^ should be equal to the loss 
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Table 9.4. Chemical balance f o r the Narrator catchment (14/2/77 to 
13/2/7a kg ha"^ 
H Na K Ca Mg SiO^ CI 
Output 0.05 103.08 13.54 19.54 13.98 92.66 151.36 
Input 1.05 96.37 10.40 8.19 11.67 0.12 151.36 
Chemical -1.00 6.71 erosion 3.14 11.35 2.31 92.54 0.0 
of c ations (1130 Eq ha but there i s a charge imbalance o f about 8%, 
This i n d i c a t e s an a d d i t i o n a l source of hydrogen w i t h i n the catchment from 
b i o l o g i c a l sources, 
The loss of s i l i c a was p a r t i c u l a r l y h i g h (92.5 kg ha~^ ) . This 
value r e f l e c t s the a c t i v e chemical weathering of the g r a n i t e and the 
i n t e n s i v e leaching environment. For comparative purposes, the annual 
output of s o l u t e s from two other temperate catchments i s given i n Table 
9.5. Glendye i n N.E. Scotland i s predominantly (74%) u n d e r l a i n by 
K i n c a r d i n s h i r e g r a n i t e (Reid et_ aj_, 1982) whereas bedrock at Hubbard 
Brook i s h i g h l y metamorphoses sedimentary rock and g r a n i t e . The loss 
of s i l i c a from the two g r a n i t e catchments i s s i m i l a r . 
The net r a t e of output of s i l i c a and the c a t i o n s from the Nar r a t o r 
catchment i s i n the f o l l o w i n g order: 
Si02 > Ca > Na > K > Mg 
This order i s s i m i l a r to that f o r Glendye and Hubbard Brook (Table 9.5): 
SiO^ > Ca > Na > Mg > K 
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Table 9.5. Axmual output of solutes due to weathering from three 
catchments (kg ha ^ a ^) 
N a r r a t o r ^ Glendye^ Hubbard Brook^ 
Na 6.7 9.0 5.6 
K 3.1 2.9 1.0 
Ca 11.4 17.0 11.5 
Mg 2.3 5.0 2.5 
Si02 92.5 82.4 37.7 
Solutes released 116.0 116.4 58.3 
R a i n f a l l (mm) 1904 1375 1250 
J This study 
^ Reid et a l (1982) Table 3 
Likens et_ aj_ (1977) Table 10 
R e l a t i v e ion m o b i 1 i t i e s : The f i r s t step i n determining weathering 
r a t e s i s to c a l c u l a t e the geochemical balance. The second step i s o f t e n 
to e s t a b l i s h the r e l a t i v e ion m o b i l i t i e s i n order to provide an i n s i g h t 
i n t o the r a t e s at which minerals are weathering and the f a t e of t h e i r 
products (Anderson and Hawkes, 1958; Feth et_ al_, 1964). Some ions are 
removed more r a p i d l y than others by weathering. R e l a t i v e ion m o b i l i t i e s 
compare the r a t e of output of ions w i t h the p r o p o r t i o n a v a i l a b l e i n the 
r e g o l i t h t o be weathered. I t i s u s u a l l y d e f i n e d as the r a t i o of the 
p r o p o r t i o n of a c o n s t i t u e n t i n t o t a l solutes supplied by rock weathering 
to i t s p r o p o r t i o n i n catchment rocks (Feth et_ al_, 1964). I n t h i s instance, 
the p r o p o r t i o n of ions i n decomposed g r a n i t e (Table 9.6) was used r a t h e r 
than those i n s o l i d g r a n i t e presented i n Table 2.2b because: 
1. The a c t i o n of aggressive rainwater i s concentrated i n the r e g o l i t h , 
the s o i l being the most a c t i v e zone of weathering. 
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2. The decomposed g r a n i t e has a greater surface area per u n i t weight 
than s o l i d g r a n i t e and the r e f o r e w i l l be more prone t o a t t a c k . 
3, I n t e r f l o w waters and s o i l water samples from s o i l and decomposed 
g r a n i t e recorded high calcium c o n c e n t r a t i o n s , which can o n l y 
be a t t r i b u t e d t o weathering of the r e g o l i t h . 
The r e l a t i v e ion m o b i l i t y sequence determined f o r the Narrator 
catchment (Table 9.6) was: 
Ca > Na > Mg > Si02 > K 
Table 9.6 R e l a t i v e ion m o b i l i t y i n Narrator catchment 
Na K Ca Mg Si02 
Chemical erosion kg ha ^ a ^ (A) 6.71 3.14 11.35 2.31 92.5 
P r o p o r t i o n of ions i n decomposed 
g r a n i t e % (B) 0,06 3.42 0.04 0,21 76.4 
Ratio A/B 112 0.9 284 11 1.2 
Relative ion m o b i l i t y Ca > Na > Mg > Si02 > K 
This sequence can be con^jared w i t h those d e r i v e d by other studies 
(Table 9.7), With the exception of the study by Anderson and Hawkes 
(1958), calcium i s the most mobile i o n , ^ x ^ i l s t e i t h e r s i l i c a or potassium 
may be the l e a s t . I n general, the ca t i o n s are r e a d i l y released from 
s i l i c a t e m inerals and removed by leaching due t o t h e i r low charge and 
large c o - o r d i n a t i o n numbers (Paton, 1978). S i l i c a i s g e n e r a l l y immobile, 
although t h i s i s to some extent pH dependent, as determined, f o r example, 
by Anderson and Hawkes (1958). However, s i l i c a i s r e l a t i v e l y more mobile 
than potassium i n high leaching environments such as at Glendye and Narrator 
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Table 9.7, Rel a t i v e ion m o b i l i t y sequences f o r the Narrator catchment 
compared w i t h other g r a n i t e regions 
Locat ion Sequence Source 
Na r r a t o r , Dartmoor Ca>Na> Mg > S i 0 2 > K This study 
New Hampshire Mg>Ca> Na> K > SiO^ Anderson and Hawkes(1958) 
New Mexico Ca >Mg>Na>K > SiO^ M i l l e r (1961) 
Si e r r a Nevada C a i N a > M g > S i 0 2 2 K Feth et_ al_ ( 1964) 
Hubbard Brook Ca>Na> Mg>K > SiO^ Likens et_ al_ (1977) 
Glendye, Aberdeen Ca>Mg>Na> Si02> K Reid et_ al_ ( 1982) 
Under high rates of d i s s o l u t i o n , s i l i c a i s con5>letely l o s t from the system 
(Berner, 1971), but \^*iere leaching i s less excessive, s i l i c a i s a v a i l a b l e 
f o r secondary mineral f o r m a t i o n . The r e l a t i v e l y low m o b i l i t y of potassium 
i s e i t h e r because i t i s removed i n the production of k a o l i n i t e or else 
i t i s l i g h t l y adsorbed on to c l a y c o l l o i d s . 
Based on these r e l a t i v e m o b i l i t i e s and the weathering o u t p u t , the 
amount of m a t e r i a l undergoing weathering can be c a l c u l a t e d . Calciiim 
was chosen as the l i m i t i n g element as i t i s the most mobile. Every year 
approximately 30,000 kg ha~^ of decomposed g r a n i t e (calcium content 0.06%^ 
must weather, t o produce 11.4-icg ha~^ of calcium.. These f i g u r e s 
assume that the g r a n i t e undergoes congruent weathering and that a l l the 
minerals are attacked. C l e a r l y , not a l l minerals are a f f e c t e d e q u a l l y . 
Q\iaTtz, f o r exanq^le, which con^rises about 40% of the g r a n i t e , has a 
very low s o l u b i l i t y and i s g e n e r a l l y regarded as i n e r t (Paton, 1978). 
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9.3. Weathering r e a c t i o n s 
9.3.1. I n t r o d u c t i o n 
The f i r s t stage i n the c a l c u l a t i o n of the amount of chemical weathering 
i s the computation of the geochemical balance (Section 9.2). The amount 
of chemical erosion i s determined i n terras of the output of s i l i c a and 
of the various c a t i o n s . The next stage i s to consider the amount of 
weathering i n terms of the minerals which are being a l t e r e d to provide 
the source of these ions. This i s f a c i l i t a t e d by considering p o s s i b l e 
weathering r e a c t i o n s . These are simple equations ^ A ^ i c h depend on a knowledge 
of the minerals decomposing and t h e i r weathering products. When used 
i n c o n j u n c t i o n w i t h the amounts of chemical e r o s i o n , the magnitude of 
weathering of the various s o i l minerals can be p r e d i c t e d . The method 
has been e x e m p l i f i e d by Cleaves et_ a]_ (1970) and Waylen ( 1979). I t has 
the advantage t h a t a t t e n t i o n i s o n l y focussed on r e l a t i v e l y sinqjle 
equations. However, there are a number of problems, not least of which 
i s the determination of those minerals undergoing a l t e r a t i o n . Carrels 
and Mackenzie (1971) warn that the method can only be a p p l i e d i n areas 
w i t h uncontaminated waters from igneous rocks where there are a l i m i t e d 
number of. primary m i n e r a l s . The method i s t h e r e f o r e a p p l i c a b l e to the 
Narrator catchment, since the stream water i s mainly derived from the 
atmosphere and g r a n i t e weathering; few primary minerals are undergoing 
decomposition. 
From petrographic examination of t h i n sections (Section 9.4,2), 
i t was apparent that potash f e l s p a r and p l a g i o c l a s e f e l s p a r were con-
t r i b u t i n g most of the weathering derived solutes to the stream. Potash 
f e l s p a r ( o r t h o c l a s e ) , comprising approximately 25% of the mineral composition, 
was undergoing decomposition, and some appeared to be showing a l t e r a t i o n 
to s e r i c i t e . Orthoclase i s r a r e l y only pure potassium f e l s p a r and i n 
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p r a c t i c e would c o n t a i n f o r e i g n c a t i o n s (Huang, 1977). Sodium f r e q u e n t l y 
s u b s t i t u t e s f o r potassium, and calcium can also be"present. Potash f e l s p a r 
may t h e r e f o r e be a major source of potassium as w e l l as a minor source 
of sodium and calcium. 
Plagioclase f e l s p a r c o n s t i t u t e d about 15-20% of the mineral composition 
I t has a chemical composition between a l b i t e (pure Na-felspar) and a n o r t h i t e 
(pure C a - f e l s p a r ) . The major p l a g i o c l a s e found i n Dartmoor g r a n i t e i s 
o l i g o c l a s e . This comprises mainly sodium f e l s p a r and calcium f e l s p a r 
i n p r o p o r t i o n s approximately 3:1. Defined more r i g o r o u s l y , o l i g o c l a s e 
i s c l a s s i f i e d i n terms of the mole f r a c t i o n of the a l b i t e (Ab) component 
and the a n o r t h i t e con^jonent i n the p r o p o r t i o n s Ab^^An^p - Ab^^An^Q. 
The p r o p o r t i o n s were unknown i n the Dartmoor g r a n i t e , p a r t l y because 
the minerals observed had undergone p a r t i a l decomposition and a l s o because 
the f e l s p a r s have v a r y i n g compositions throughout the m i n e r a l , since 
the c r y s t a l formed sl o w l y out of the o r i g i n a l m e l t . Oligoclase i s the 
major source of sodium and calcium. 
Oligoclase i s less s t a b l e than orthoclase according to the Goldich 
(1938) s t a b i l i t y s e r i e s . The calcium r i c h f e l s p a r s are released i n p r e f e r -
ence to the potassium f e l s p a r s because they are less thermodynamically 
s t a b l e . Rice (1973), i n h i s study of Carmenellis g r a n i t e , Cornwall, 
confirmed that o l i g o c l a s e i s i n h e r e n t l y unstable and weathers r a p i d l y . 
He comnented that about 50% of the mineral was destroyed once i t entered 
the weathering zone. 
B i o t i t e comprises about 5% of the mineral c o n p o s i t i o n i n f r e s h rock, 
but decreases i n amount towards the s o i l surface. I t appears as d i s c r e t e 
f l a k e s up to 4 nm long i n the f r e s h and decomposed g r a n i t e . W i t h i n the 
s o i l , b i o t i t e i s being transformed to v e r m i c u l i t e and Al-hydroxy i n t e r -
layered minerals (Section 9.4.3). According to the Goldich (1938) mineral 
weathering sequence, b i o t i t e i s less s t a b l e than the f e l s p a r s . However, 
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on Dartmoor p l a g i o c l a s e f e l s p a r i s weathering more r a p i d l y than b i o t i t e , 
p o s s i b l y because only a r e s i d u a l remains, b i o t i t e being attacked at an 
e a r l y stage i n the weathering h i s t o r y . The weathering of b i o t i t e produces 
potassium and magnesium. Magnesium may also be released as c h l o r i t e 
weathers. 
9.3.2. Weathering c a l c u l a t i o n s (Tables 9.8 and 9.9) 
From equation 1, Table 9.8, p l a g i o c l a s e produces sodium, calcium 
and s i l i c a i n the r a t i o 0,62 : 0.38 : 1.24 as i t weathers to k a o l i n i t e . 
I n i t i a l l y sodium was used as the l i m i t i n g f a c t o r , assuming that p l a g i o c l a s e 
was the only source of sodium. The generation of 6,7 kg ha ^ a ^ of 
sodium (Table 9.4) produces 7.2 kg ha"^ a~^ of calcium, which i s 4.2 kg 
ha ^ a ^ less than the amount monitored. Although the calcium may be 
p r e f e r e n t i a l l y leached from w i t h i n the m i n e r a l , i t i s more l i k e l y t h a t 
the amount of sodium i n dry f a l l o u t was over-estimated. When calcium 
was used as the l i m i t i n g f a c t o r , the weathering of 198 kg ha ^ a ^ p l a g i o c l a s e 
produced 11,4 kg ha~^ a~^ calcium and 9.3 kg ha"^ a~^ sodium (Table 9.9), 
Magnesiimi was used as the l i m i t i n g ion i n the weathering of b i o t i t e 
to v e r m i c u l i t e , although t h i s produced more potassium than r e q u i r e d (Tables 
9.4 and 9.8). TWo a l t e r n a t i v e s were considered: f i r s t l y t o produce p a r t 
of the magnesium from c h l o r i t e and secondly t o continue t o weather the 
potassium t o v e r m t c u l i t e . Experimental evidence (Section 9.4.3), however, 
has shown t h a t v e r m i c u l i t e i s s t i l l forming and the weathering of c h l o r i t e 
would o n l y make an i n s i g n i f i c a n t c o n t r i b u t i o n . 
The remaining s i l i c a p roduction (21.9 kg ha ^ a ^) was p a r t i t i o n e d 
between ort h o c l a s e and k a o l i n i t e minerals i n the p r o p o r t i o n s 9 : 1 (mole 
r a t i o . Table 9.8). On t h i s basis 45 kg ha~^ a~^ of orth o c l a s e would 
be consumed and 5 kg ha ^ a ^ of k a o l i n i t e . 
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Table 9 . 8 , Weathering r e a c t i o n s i n the d i s s o l u t i o n of g r a n i t i c 
m i n e r a l s , used i n the c a l c u l a t i o n of the amount of 
minerals consumed and solutes released 
1 . Plagioclase i n t o k a o l i n i t e 
% . 6 2 ^ ^ 0 . 3 8 ^ ^ 1 , 3 8 2 ^ . 6 2 ^ 8 ^ W ^ ^''^ "2*^ 
0 . 6 9 Al^Si^Oj (OH)^ + 0 . 6 2 Na"*" + 0 . 3 8 Ca^ "^  + 1 . 2 4 H^SiO^ + 1,31HX>^ 
2 . Orthoclase i n t o k a o l i n i t e 
2 K Al Si^Og + 2 H^ CO^  + 9 H2O 
Al^Si^Og (OH)^ + 4 H^SiO^ + 2 + 2 HX>^ 
3 , B i o t i t e i n t o v e r m i c u l i t e 
3 (Mg3Fe3) AI2 Si^O^Q (OH)^] + 2 4 H^ O + 1 2 H^ CO^  
2 [(Mg3 Fe^) AI3 S i ^ O ^ Q ( O H ) ^ . 8 H^O] + 6 K"" + 3 Mg^ "" • 3 Fe 
+ 8 H. SiO. + 1 2 HDO' 
4 4 3 
4 . K a o l i n i t e i n t o g i b b s i t e 
A l , S i , 0 . (OH). + 5 H , 0 
2 2 5 4 2 
2 Al (OH). + 2 H SiO, 
i 4 4 
3 2 4 
Table 9.9a P r i n c i o a l weatherinf^ r p a r t i n n < : minerals a l t e r e d , c l a y 
minerals formed and solutes released. U n i t s i n k mol. 
ha a (Nos. of eqns. r e f e r t o Table 9.8) 
React ion Solutes released Mineral K a o l i n i t e 
Na K Ca Mg SiO^ consumed produced 
Plagioclase to 
k a o l i n i t e (eqn.1) 
0.46 0.28 0.93 0.74 0.51 
B i o t i t e i n t o 
v e r m i c u l i t e (eqn.3) 
0.19 0.10 0.27 0.10 
Orthoclase i n t o 
k a o H n i t e (eqn.2) 
0.16 0.33 0.16 0.08 
K a o l i n i t e i n t o 
g i b b s i t e (eqn.4) 
0.04 -0,02 
Table 9.9b P r i n c i o a l weathering r p f l r t i r , n . = j m i n o , - = . i o ^ i t - r M c l n -
minerals formed and solutes released Units i n kg ha""^ 
a ^ (Nos. of eqns. r e f e r to Table 9. 8) 
Reaction Solutes released Mineral K a o l i n i t e 
Na K Ca Mg SiO^ consumed produced 
Plagioclase t o 
k a o l i n i t e ( e q n . l ) 
10.65 11.35 55.5 198.3 131.6 
B i o t i t e i n t o 
v e r m i c u l i t e (eqn.3) 
7.4 2.3 15.1 88.3 
Orthoclase i n t o 
k a o l i n i t e (eqn.2) 
6,42 19.7 45.7 21.2 
K a o l i n i t e i n t o 
g i b b s i t e (eqn.4) 
2.2 -4.7 
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From Table 9.9b approximately 330 kg ha"^ a~^ of s i l i c a t e minerals 
were weathering to form about 150 kg ha~^ a~^ of k a o l i n i t e . Of t h i s , 
5 kg ha ^ a ^ was consumed to produce g i b b s i t e . The main minerals being 
weathered are p l a g i o c l a s e (74% t o t a l mineral breakdown) orthoclase (16%) 
and b i o t i t e ( 1 0 % ) ; these form k a o l i n i t e , v e r m i c u l i t e and Al-hydroxy i n t e r -
layered m i n e r a l s . Approximately 8 moles of p l a g i o c l a s e are weathered 
f o r each tnole of b i o t i t e , and since they are found i n the p r o p o r t i o n s 4 : 1 
i n g r a n i t e , p l a g i o c l a s e i s weathering at a much greater r a t e , B i o t i t e 
was probably l o s t at an e a r l y stage i n pedogenesis, le a v i n g only a r e s i d u a l , 
since i t i s less s t a b l e than p l a g i o c l a s e (Loughnan, 1962; Wilson, 1970; 
Rice, 1973). Orthoclase i s weathering less r a p i d l y than p l a g i o c l a s e 
but more r a p i d l y than b i o t i t e , 0.6 moles of b i o t i t e being attacked f o r 
each one of o r t h o c l a s e . 
Discussion: The model i n Table 9.9 balances reasonably w e l 1 , The 
amount of sodium and potassium released has been overestimated, but t h i s 
could be p a r t l y as a r e s u l t of problems w i t h the c a l c u l a t i o n of the dry 
f a l l o u t input (Section 9.2.1). I n the most extreme case, i f the inputs 
of calcium and potassium are assumed to be zero, the amount of p l a g i o c l a s e 
consumed each year would increase from 0.74 to 0,87 k mol.ha~^ a'^ (about 
80% of t o t a l mineral breakdown) and orthoclase would decrease from 0,16 
to 0.10 k mol.ha"^ a*^ (10% of t o t a l ) . 
Assuming t h a t the amount of dry f a l l o u t i s c o r r e c t , the a d d i t i o n a l 
sodium produced by the weathering of p l a g i o c l a s e could be avoided by 
using a p l a g i o c l a s e having a higher p r o p o r t i o n of calcium. However, 
t h i s would have beenalmost andesine i n composition. This conclusion 
d i d not agree w i t h the o p t i c a l p r o p e r t i e s of the p l a g i o c l a s e . A l t e r n a t i v e l y 
the a d d i t i o n a l calcium could be provided by calcium r i c h f e l s p a r s being 
p r e f e r e n t i a l l y weathered to release more calcium, r e s u l t i n g i n the mineral 
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being r e l a t i v e l y enriched i n sodium. This problem has been studied by 
Wilson (1976), using a scanning e l e c t r o n microscope, who noted that the 
f e l s p a r i s i n i t i a l l y weathered by a process of simple s o l u t i o n . There 
was a gradation of weathering from a calcium r i c h core to a sodium r i c h 
p eriphery which formed a p r o t e c t i v e s h e l l and became more r e s i s t a n t to 
weathering. 
I n the case of potassium, the 11 kg ha ^ a ^ excess may be explained 
i n part by the f i x a t i o n of potassium w i t h i n the s i l i c a t e s t r u c t u r e s or 
by the formation of secondary minerals. Most of the potassium i s i n c o r -
porated w i t h i n the l a t t i c e of i l l i t e . This c l a y mineral was found to 
be present at several of the s o i l p r o f i l e s i n the catchment (Section 
9.4,3). I n a d d i t i o n , the biomass could take up p a r t of the potassium. 
The model i n Table 9.9 shows that the s i l i c a was d e r i v e d from o l i g o -
clase ( 6 0 % ) , b i o t i t e ( 1 6 % ) , orthoclase (21%) and the remainder (3%) from 
the d i s s o l u t i o n of k a o l i n i t e t o form g i b b s i t e . The presence of g i b b s i t e 
was confirmed by Xray d i f f r a c t i o n analyses which showed i t to be confined 
to i n t e r f l o w s i t e s , g e n e r a l l y w i t h high discharge volumes. At these 
s i t e s r a p i d leaching maintained low s i l i c a l e v e l s producing g i b b s i t e 
(Berner, 1971). 
For comparison w i t h other areas, p l a g i o c l a s e was 74% of the t o t a l 
mineral breakdown, a s i m i l a r amount (75%) to that c a l c u l a t e d by Reid 
et_ al_ (1982) f o r Glendye, but less than that f o r g r a n i t e i n the S i e r r a 
Nevada (90%) obtained by Garrels and Mackenzie (1967). Orthoclase (16%) 
represents more of the t o t a l breakdown than found by Carrels and Mackenzie 
(7%) and i s q u a n t i t a t i v e l y more important than p r e v i o u s l y determined 
by other s t u d i e s . 
9.3.3. Denudation r a t e s 
Chemical denudation: Denudation r a t e s , g e n e r a l l y expressed i n nm 
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1000 a ^ are c a l c u l a t e d frcan the r a t e of output of weathering d e r i v e d 
solutes from the catchment. These f i g u r e s are u s u a l l y d e rived from a 
catchment balance (Table 9.4) i n which the input from b u l k p r e c i p i t a t i o n 
and dry f a l l o u t are taken i n t o account. The loss of solutes d u r i n g one 
year from the catchment i s shown i n Table 9.4 and amounted to 116 kg ha ^. 
This sum i s less than the 330 kg ha ^ a ^ of primary minerals undergoing 
a l t e r a t i o n , since at least h a l f of the weathering product remains as 
k a o l i n i t e . 
Rates of denudation are approximately 0.5 nm 1000 a~^, based on 
the s o l u t e removal of 116 kg ha ^ a ^ and assuming g r a n i t e to have a 
s p e c i f i c g r a v i t y of 2,5. There are a number of problems w i t h the approach, 
not least the c a l c u l a t i o n of s o l u t e output and the assumption t h a t the 
removal of soluble products i s not accompanied by a decrease In b u l k 
d e n s i t y . Other d i f f i c u l t i e s include the problem of the extent which 
one year's r e s u l t s are r e p r e s e n t a t i v e of long term trends and, i n geomor-
phic terms, the manner i n which the denudation i s d i s t r i b u t e d s p a t i a l l y 
w i t h i n the catchment. 
One advantage of c a l c u l a t i n g a r a t e of denudation f o r an area i s 
that i t can be compared w i t h those e s t a b l i s h e d elsev^^ere. The r a t e of 
s o l u t i o n a l denudation f o r the Narrator catchment i s very low i n comparison 
w i t h other rock types i n B r i t a i n . However, i t i s comparable w i t h r a t e s 
f o r o l d r e s i s t a n t sedimentary rocks, such as those found i n Mid-Wales 
(Oxley, 1974) and the Nfendips (Waylen, 1979; Table 9.10). A low r a t e 
was expected f o r Dartmoor. Fol lowing Gorham (1961), chemical denudation 
of g r a n i t e i n B r i t a i n i s slow corr^jared w i t h sedimentary rocks. Garrels 
and Mackenzie (1967) a l s o note t h a t chemical denudation i s slow f o r t r u e 
g r a n i t e s , such as on Dartmoor, ^ e r e orthoclase i s the dominant f e l s p a r . 
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Table 9.10 Rates of chemical and mechanical denudation f o r small 
catchments i n the B r i t i s h I s l e s 
L i t h o l o g y Location 
Chemical Mechanical 
weathering weathering 
r a t e r a t e , 
(ran lOOOa"^ (ran 1000a ) 
Source 
QBnite 
Old ^  Sandstone 
Silurian Gtey9^acles 
Ifeuper Nferl/ 
Upper Qreensand 
bferrator, EhrtntXTr 
E."Ewln Etook, Nfendip 
Nfid Vfeles 
E.Etevon 
Ivfiddle Jurassic-Liassic N.YorkJtos 
clays and shales 
0.5 
1.6 
1.6-2.1 
14.0-33.8 
20.2 
1.5 
1.0 
0.4 
3.8-20.8 
3.4 
Present study & 
Mirgatroyd 
(1980) 
V\feylen (1979) 
Odey (1974) 
Qregory & 
^falling (1973) 
IriEsai (1973 .81 
1974) 
Mechanical weathering: Rates of mechanical denudation f o r the catchment 
are also very low i n corr^jarison w i t h most other areas i n B r i t a i n . Murgatroyd 
(1980) c a l c u l a t e d the r a t e of mechanical denudation to be 1.5 mm 1000 a*^. 
This i s s i m i l a r to other r e s u l t s determined f o r o l d r e s i s t a n t igneous 
and sedimentary rocks by Oxley (1974, 0.4 nm lOOOa*^) f o r Mid-Wales and 
Waylen (1979, 1.0 nm lOOOa*^  ) f o r the Mendips (Table 9.10). 
Surtmary; The ra t e s of chemical and mechanical denudation i n the 
Narrator catchment are both extremely low and i n t o t a l are only 2.0 mn' 
100(fe \ Mechanical denudation i s three times greater than s o l u t i o n a l 
e rosion. I n general, the s o l u t e y i e l d i n temperate regions exceeds the 
sediment y i e l d (Carson and Kir k b y , 1972; Gregory and W a l l i n g , 1972). This 
higher r a t e of mechanical denudation i s p a r t l y due to the r e s i s t a n t nature 
of the g r a n i t e and p a r t l y because accelerated erosion i s o c c u r r i n g w i t h i n 
the catchment. Murgatroyd and Ternan (1983) suggest that a f f o r e s t a t i o n 
has led to a marked increase i n bank er o s i o n . 
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9.4. S o i l analyses and weathering processes 
The amount of chemical e r o s i o n recorded i n the geochemical budget 
(Section 9.2) was due to the a l t e r a t i o n of minerals (Table 9.8) assumed 
to be present i n the s o i l . The present s e c t i o n v e r i f i e s t h i s assumption 
by g i v i n g the r e s u l t s of l a b o r a t o r y experiments on the s o i l . The type 
of primary minerals present were examined by petrographic examination 
of r e s i n a t e d t h i n sections (Section 9.4.2), and the presence of secondary 
minerals were determined by Xray d i f f r a c t i o n (Section 9.4.3). The processes 
of s o i l formation were i n v e s t i g a t e d by c o n s i d e r a t i o n of the forms and 
d i s t r i b u t i o n of hydrous oxides. Such a study i s fundamental to an under-
standing of the weathering processes a l t e r i n g the s o i l . Zeman (1975), 
f o r example, found that p o d z o l i s a t i o n i n S.W. B r i t i s h Colombia was r e l e a s i n g 
large q u a n t i t i e s of s i l i c a (47% of t o t a l net d i s s o l v e d l o a d ) . F i r s t l y , 
however, the r e s u l t s of the t o t a l chemical analyses of s o l i d and weathered 
g r a n i t e are r e p o r t e d . These were used i n the c a l c u l a t i o n of r e l a t i v e 
ion m o b i l i t i e s (Table 9.6). 
9.4.1. T o t a l chemical analyses 
Analysis of the t o t a l chemical composition of samples of s o l i d g r a n i t e 
and decomposed g r a n i t e from 280 cm depth i n i n t e r c e p t i o n p i t G4 (Figure 
3.4) was undertaken (Table 9.11). The p r o p o r t i o n of the bases was lower 
i n the decomposed g r a n i t e , w h i l s t s i l i c a and the sequioxides increased. 
The great, loss of sodium and calcium from the s o l i d g r a n i t e can be a t t r i -
buted to the d i s s o l u t i o n of p l a g i o c l a s e f e l s p a r (Table 9.9). B i o t i t e 
i n the rock has also been attacked, the FeO content decreasing from 1.25% 
to 0.55%. Although the b i o t i t e i s less r e s i s t a n t to weathering than 
p l a g i o c l a s e , a p r o p o r t i o n of i t s t i l l , however, remains (MgO content 
decreased from 0.47 to 0.35%). Orthoclase i s more r e s i s t a n t to weathering 
than p l a g i o c l a s e i^2^ content decreased from 6.9 to 6.2%), 
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Table 9.11. Chemical 
g r a n i t e 
analyses of ( i ) s o l i d g r a n i t e and ( i i ) decomposed 
( i ) ( i i ) 
SiO^ 72.24 76.40 
AI3O3 14.91 17.48 
Fe203 0.82 1.29 
Fe. 0 1.25 0.55 
Mn 0 0.12 0.10 
Mg 0 0.47 0.35 
Ca 0 0.55 0.06 
Na20 2.64 0.14 
K^ O 6.90 6.15 
TiO^ 0.27 0.21 
^2^5 0.22 0.11 
H^ O + L.O.I. 1.05 4.00 
9.4.2. Petrographic analyses 
Thin sections of r e s i n a t e d s o i l and decomposed g r a n i t e at 33 and 
62 cm depth from i n t e r c e p t i o n p i t G4 (Figure 3.4) were examined micro-
s c o p i c a l l y (Figures 9.1 and 9,2; Plates 9.1 and 9.2). They were mainly 
composed of large minerals (Figures 9.1 and 9.2),]. w i t h the p r o p o r t i o n 
of ground mass increa s i n g towards the surface. Ground mass consisted 
of very f i n e p a r t i c l e s which were i n d i s t i n g u i s h a b l e even under a h i g h 
power lens. At 62 cm depth the composition was approximately 40% q u a r t z , 
40% f e l s p a r s , 5% b i o t i t e and 5% mica, the remaining 10% being groundmass; 
at 33 cm depth the f e l s p a r content had been reduced to only 15% and the 
groundmass increased t o about 35%, s i g n i f y i n g greater weathering near 
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the s o i l surface. The potassium f e l s p a r c r y s t a l s had undergone s i g n i f i c a n t 
a l t e r a t i o n throughout the p r o f i l e t o form s e r i c i t e along the cleavage 
planes. Quartz c l a s t s occupied about 40% of the samples. Occasionally 
quartz-tourmaline aggregates were observed. I n a d d i t i o n , z i r c o n haloes 
w i t h i n b i o t i t e were present as the r e s u l t of r a d i o a c t i v i t y w i t h i n the 
g r a n i t e . 
9.4.3. The c r y s t a l l i n e component 
The c l a y minerals were i d e n t i f i e d by Xray d i f f r a c t i o n . The basis 
of the method i s that a l u m i n o - s i l i c a t e minerals e x h i b i t a s e r i e s of rays 
c h a r a c t e r i s t i c of the minerals present. T h i r t y samples of s o i l c l a y 
were separated from s o i l samples obtained from p r o f i l e s i n the grassland. 
They were p r e t r e a t e d , saturated w i t h e i t h e r magnesium or potassium and 
analysed. I n a d d i t i o n , a sample of s o l i d g r a n i t e and one of decomposed 
g r a n i t e was f i n e l y crushed and examined. 
The r e s u l t s of the Xray analyses f o r two p r o f i l e s are presented 
i n Table 9.12, these being r e p r e s e n t a t i v e of the e n t i r e group. P r o f i l e s 
IG and 4G (Figure 3.5) are the r e s u l t of d i f f e r e n t weathering processes 
(Section 2.7.1) and t h e r e f o r e w i l l be discussed separately. 
The stagnopodzol at p i t IG (Table 9.12 top) has r e s u l t e d from 
p o d s o l i s a t i o n processes t r a n s l o c a t i n g the sesquioxides. The c l a y f r a c t i o n 
i s dominated by k a o l i n i t e w i t h i l l i t e subordinate. The p r o p o r t i o n of 
k a o l i n i t e increases w i t h depth w h i l s t i l l i t e decreases. The potassium 
(K^O) content of the c l a y f r a c t i o n increases up the p r o f i l e from 1.0% 
at 120 cm depth to 2,7% at 10 cm depth due to an increase i n the r a t i o 
of i l l i t e t o k a o l i n i t e . C h l o r i t e i s only present i n the surface horizons. 
The brown podzolic at p i t G4 (Table 9.12 bottom) i s the r e s u l t of 
the i n s i t u weathering of the s i l i c a t e m i n e r a l s . K a o l i n i t e i s now dominant 
i n the c l a y f r a c t i o n together w i t h i l l i t e . There i s no increase i n the 
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Table 9.12. Xray analyses of powdered grani t e , decomposed grani te and selected s o i l samples 
Loca t ion Depth 14A o 12A lOA Quartz K-felspar A l b i t e Gibbs. Comments (Figure 3.5) cm l U i t e K a o l i n . 
IG 10 + ( + ) + ( + ) ++ 5-8 t r I r ^ n pan stagnopodzol (Table 2. 4) 
40 + ( + ) 
14A c h l o r i t e , Al-hydroxy 
IG + t r ++ 4-6 t r t r i n t e r l a y e r i n g , vermlcul1te 
IG 60 12A m i c a - c h l o r i t e mixed layer t r + +++ 1 t r t r (2nd order r e f l e c t i o n ) 
IG lOAmuscovite or b i o t i t e 120 t r + ++( + ) 1 t r t r 
4G 6 + ( + ) + ( + ) ++ 4-6 t r t r t r T ypical brown podzolic (Table 2 .3) 
4G 20 + ( + ) ( + ) ++ + ( + ) 4-6 t r t r t r Comnents as above 
4G 65 + ( + ) + ++ + ( + ) 4-6 t r t r t r Strong r e f l e c t i o n of g i b b s l t e 
4G 96 + ( + ) ++ ++( + ) 4-6 t r t r XX 
S o l i d rock ++ x x ( x ) XX (x) lOA: muscovite or b i o t i t e 
Decomposed rock + ( + ) ++( + ) xx( x ) ik : k a o l l n i t e has high degree 
of c r y s t a l 1 i n i t y 
The scale of r e l a t ive i n t e n s i t y of c l a y minerals ranges from : ? to t r ( t r a c e ) to +++++ (almost monomlneral ) 
The scale of r e l a t ive i n t e n s i t y of non-clay minerals ranges from: ? to XXX very strong r e f l e c t i o n 
r e l a t i v e amounts of i l l i t e to k a o l i n i t e towards the surface, as evidenced 
by the K^ O contents. At the surface i l l i t e decreased, probably becoming 
v e r m i c u l i t e . I n c o n t r a s t to the stagnopodzol, c h l o r i t e i s more important 
i n the brown podzolic s o i l . There i s evidence to suggest that the 
Al-hydroxy i n t e r l a y e r i n g reaches a maximum i n the Bs horizons (20-65 
cm depth). This Al-hydroxy i n t e r l a y e r i n g i s the r e s u l t of weathering 
and i s probably due to the degradation of c h l o r i t e (Loveland and B u l l o c k , 
1975). 
Gibbsite i s of s p e c i a l i n t e r e s t , since i t does not conmonly occur 
i n temperate s o i l s (Wilke and Schwertmann, 1977). The strong presence 
at s i t e G4, 96 cm depth (Table 9.12), i s t h e r e f o r e unusual and must 
be ascribed to the passage of i n t e r f l o w at that l o c a t i o n . 
9.4.4. Summary and s o i l weathering processes 
The weathering processes o c c u r r i n g at Gl and G4 (Figure 3.4) were 
considered by examination of the forms and d i s t r i b u t i o n s of the hydrous 
oxides. At Gl, near the surface, the m a j o r i t y of secondary i r o n (Fe ) 
P 
and aluminium ( A l ^ ) was i n amorphous form, s i g n i f y i n g that they had 
been released from the primary a l u m i n o - s i 1 i c a t e minerals by weathering 
and transported down the p r o f i l e . There was a l s o a r e d u c t i o n i n the 
amount of t o t a l aluminitim from the surface. This loss of i r o n and aluminium 
was the r e s u l t of p o d z o l i s a t i o n . From the chemical and Xray d i f f r a c t i o n 
r e s u l t s k a o l i n i t e i s the dominant c l a y m i n e r a l , but t h i s decreases to 
the surface, w h i l s t i l l i t e increases. This i s probably the r e s u l t of 
the loss of aluminium and s i l i c a at the surface. Below the surface 
there i s a s l i g h t gain i n c h l o r i t e and the i n t e r l a y e r e d m inerals. 
The p r o f i l e at G4 at the base of slope, has a d i f f e r e n t o r i g i n 
from that of the podzol at Gl. Chemical t e s t s confirmed that the s o i l 
was a brown p o d z o l i c , the amorphous i r o n and aluminium (^^p + '^^p' being 
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greater than 0.4 (Loveland and Bullock, 1976). S l i g h t p o d z o l i s a t i o n 
was also o c c u r r i n g because amorphous i r o n and aluminium were being l o s t 
from the surface. I n c o r p o r a t i n g the r e s u l t s of the chemical analyses 
and those of Xray d i f f r a c t i o n , k a o l i n i t e and i l l i t e were dominant and 
there was an increase i n the Al h y d r o x y - i n t e r l a y e r e d minerals t o the 
surface. As the i r o n and aluminium became mobile, the loss of these 
s t r u c t u r a l elements r e s u l t e d i n the formation of I n t e r s t r a t i f i e d minerals. 
9.5. S t a b i l i t y diagrams 
S t a b i l i t y diagrams o f f e r a v i s u a l approach to the c o n s i d e r a t i o n 
of chemical weathering of s i l i c a t e m inerals. I n f o r m a t i o n i s portrayed 
i n an e a s i l y a s s i m i l a t e d form, showing which minerals are stable i n 
a given chemical environment and those which are not. These diagrams 
can also provide a useful means of o r d e r i n g s o l u t e data on waters d e r i v e d 
d u r i n g chemical weathering (Williams et_ al_, 1983a). The diagrams have 
been w i d e l y used i n the f i e l d of geochemistry since they were popularised 
by Garrels and C h r i s t (1965). For example, B r i c k e r and Garrels (1967) 
used them to explore the genesis of spring waters i n the S i e r r a Nevada, 
and V e r s t r a t e n (1977, 1980) considered t h e i r a p p l i c a t i o n to s o i l water 
and spring water i n the Ardennes, However, there are several l i m i t a t i o n s 
as f o l l o w s : they g e n e r a l l y assume aluminium to be i n e r t ; p a r t i a l 
e q u i l i b r i u m i s assumed; there i s no i n f o r m a t i o n on k i n e t i c s and only 
two v a r i a b l e s can be involved on any one diagram. 
For g r a n i t e , i n which p l a g i o c l a s e and o r t h o c l a s e are the two dominant 
minerals weathering, there are two p r i n c i p a l s t a b i l i t y diagrams i n v o l v i n g 
the phases i n the Na^O - AI2O3 - SiO^ - H^ O and K^ O - Al^O - SiO^ - H^ O 
systems r e s p e c t i v e l y . The s t a b i l i t y diagrams were p l o t t e d as a f u n c t i o n 
of the a c t i v i t y of ^4210^ and of the r a t i o of each of the a l k a l i ions 
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to t hat of the H ion (Figures 9.3 9.5). The i o n i c composition 
of the i n t e r f l o w s o i l water, s p r i n g , r i v e r and r e s e r v o i r water have 
been p l o t t e d onto the diagrams. The r e s u l t s , w i t h few exceptions, f a l l 
i n the s t a b i l i t y f i e l d of k a o l i n i t e . This i n d i c a t e s that k a o l i n i t e 
i s the s t a b l e mineral phase i n the r e g o l i t h . However, there were exceptions 
to t h i s i n the s o i l waters where f a s t moving i n t e r f l o w was i n p a r t i a l 
equi 1 i b r i u m w i t h g i b b s i t e . 
The s t a b i l i t y diagrams f o r each v e g e t a t i o n transect w i l l be discussed 
f o l l o w i n g the p a t t e r n e s t a b l i s h e d i n the e a r l i e r chapters and the groups 
of waters described. An o v e r a l l weathering pathway w i l l then be construc-
ted. 
Grassland transect (Figure 9 . 3 ) ; The s o l u t e composition of the 
major pathways through the grassland transect and t h e i r p o s i t i o n s on 
the s t a b i l i t y diagrams have p r e v i o u s l y been discussed by Williams et_ 
al (1983a). Using the i n t e r f l o w terminology introduced i n s e c t i o n 6 . I , 
pathway 1, the shallow i n t e r f l o w above the i r o n pan (Figure f>.l) had 
a s o l u t e composition i n p a r t i a l e q u i 1 i b r i u m w i t h e i t h e r g i b b s i t e or 
k a o l i n i t e . The group of p o i n t s i s r a t h e r d i s p a r a t e due to seasonal 
i n f l u e n c e s . I n w i n t e r , when the water movement i s very r a p i d , s i l i c a 
and the c a t i o n s are leached out leaving only a residue of aluminium 
hydroxide. The discharge i s s u f f i c i e n t l y high t o ma i n t a i n the s i l i c a 
c o n c e n t r a t i o n at a very low l e v e l ( l e s s than 0.6 mg 1~S and to prevent 
k a o l i n i t e forming. I n sumner, however, less water moves through the 
system, residence time i s longer and s i l i c a l e v e l s are hig h e r , w i t h 
the r e s u l t that water i s i n p a r t i a l e q u i 1 i b r i u m w i t h k a o l i n i t e . Xray 
d i f f r a c t i o n r e s u l t s (Section 9.4.3) c o n f i r m the presence of k a o l i n i t e 
i n the stagnopodzol (Table 9.12). 
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I n t e r f l o w above the f r a g i p a n , pathway 2 at 92 cm depth (Figure 6.2), 
formed a second group of p o i n t s on the s t a b i l i t y diagram (Figure 9. 3 ) . 
The degree of leaching was less than f o r pathway 1, such that k a o l i n i t e 
alone was the s t a b l e phase. I n t e r f l o w pathway 3, s a t u r a t i o n upwards 
from the f r a g i p a n at 77 cm depth (Figure 6.3). formed a t h i r d group of 
i n t e r f l o w p o i n t s on the s t a b i l i t y diagram. They were g e n e r a l l y i n p a r t i a l 
e q u i l i b r i u m w i t h k a o l i n i t e but o c c a s i o n a l l y the composition f e l l w i t h i n 
the g i b b s i t e f i e l d . This occurred d u r i n g major storm events when large 
amounts of water were moving as i n t e r f l o w and a low s i l i c a c o n c e n t r a t i o n 
was maintained. I n c o n t r a s t , d u r i n g less s i g n i f i c a n t events when only 
a low amount of water flowed, the concentrations were higher than pathway 
2, due to infrequent f l u s h i n g , Xray r e s u l t s f o r the c l a y f r a c t i o n obtained 
from i n t e r f l o w m o n i t o r i n g p i t s 2G, 3G and 4G found g i b b s i t e to be present 
at the i n t e r f l o w zones. I n p a r t i c u l a r , the strong presence of g i b b s i t e 
was recorded at 96 cm depth i n p r o f i l e 4G (Table 9.12) due to the strong 
leaching caused by i n t e r f l o w water and the weak weathering. 
S o i l water sanples obtained from porous cup water samplers i n the 
grassland (Section 6.4) have a s i m i l a r set of p o i n t s t o those of the 
i n t e r f l o w water: the water i s always i n e q u i l i b r i u m w i t h k a o l i n i t e . 
Spring waters represent a second group of p o i n t s on the s t a b i l i t y 
diagram (Figure 9. 3 ). I n t h i s instance, the i o n i c composition of 
spring 14 at the base of the grass transect was p l o t t e d and k a o l i n i t e 
was again found to be the s t a b l e phase (Figure 9. 3 ) . The p o i n t s have 
a s i m i l a r pH - pNa^ and pH - pK* values to those of i n t e r f l o w but the 
pH^ SiO^ values are higher. Leaching i s less powerful at depth and 
s i l i c a l e v e l s t h e r e f o r e r i s e . The stream waters f o r m a t h i r d group 
w i t h a s i m i l a r pH^ SiO^ l e v e l but w i t h higher pH - pNa and pH - pK values. 
The sodium and potassium l e v e l s are s i m i l a r , whereas the pH i s higher. 
The stream water has e q u i 1 i b r i a t e d w i t h the p a r t i a l pressure i n 
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the atmosphere but the s p r i n g water contains naore 00^ and hence has 
a lower pH. The elongated shape i s due to the seasonal r i s e i n temperature 
d u r i n g the sunmer and i t s e f f e c t on the pH. 
For completeness, the r e s e r v o i r s o l u t e composition has been p l o t t e d 
on to the diagrams i n order to show how they may be used to group sets 
of data. 
Bracken transect (Figure 9.4 ) ; The conroents f o r the grassland 
transect also apply here, except that the flow above the i r o n pan 
(pathway 1) i s absent. Three groups of p o i n t s are presented: i n t e r f l o w 
( B l , 85 cm depth), s p r i n g 14 and the stream.* 
Forest transect (Figure 9. 5 ): A l l the s o l u t e pathways through 
the f o r e s t had a composition i n p a r t i a l e q u i 1 i b r i u m w i t h k a o l i n i t e . Two 
i n t e r f l o w groups of solutes were recognised, and i n a d d i t i o n there was 
one f o r the springs and one f o r the r i v e r . The i n t e r f l o w pathway above 
the f r a g i p a n , type 2 (Figure 6.2) had s i m i l a r c h a r a c t e r i s t i c s to those 
i n the grassland and d u r i n g the w i n t e r was i n e q u i l i b r i u m w i t h both 
g i b b s i t e and k a o l i n i t e . but i n the sunmer only k a o l i n i t e was s t a b l e . 
Pathway 4 (Figure 6,4), f l o w through the impeding l a y e r , was completely 
separate and had a s t a b i l i t y f i e l d s i m i l a r t o some of the s p r i n g s , e.g. 
14 and 15. 
F i n a l l y , there are two f u r t h e r groups of p o i n t s : the f o r e s t springs 
and the stream. The springs i n the f o r e s t (17, 18 and 19, Figure 3.5) 
had higher s i l i c a and lower pH values than the stream and appear to 
the r i g h t of the diagrams (Figure 9. 5 ), Their s i l i c a l e v e l s are 
supersaturated w i t h respect to q u a r t z , but quartz i s o n l y p r e c i p i t a t e d 
s l o w l y and so need not be taken i n t o account. 
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From the s t a b i l i t y diagrams (Figures 9.3-9.5) the f o r e s t i n t e r f l o w 
and springs have a d i f f e r e n t s t a b i l i t y f i e l d from that of the grassland 
and bracken. The d i f f e r e n t v e g e t a t i o n types t h e r e f o r e exert an i n f l u e n c e 
on the weathering processes. 
Discussion: 
Weathering and leaching r a t e s together determine which minerals 
i n a p a r t i c u l a r environment are undergoing a l t e r a t i o n and those which 
are s t a b l e . I n turn, the leaching r a t e s depend on l o c a l c o n d i t i o n s and 
are greatest i n f r e e l y drained areas such as ^^^ere i n t e r f l o w moves 
r a p i d l y across an i r o n pan or f r a g i p a n . There are two weathering systems 
i n o p e r a t i o n i n the catchment: one on the moorland plateau and another 
on the h i l l s l o p e s . On the moorland there are very f r e e l y drained c o n d i t i o n s 
above the i r o n pan, so that the deconposition of the g r a n i t e i s leading 
t o g i b b s i t e . I n c o n t r a s t , on the h i l l s l o p e s the mineral weathering 
i s leading to the produc t i o n of k a o l i n i t e , w i t h the exception of c e r t a i n 
i n t e r f l o w zones. 
Weathering i s also a f f e c t e d by the type of v e g e t a t i o n . The f o r e s t 
s i t e s have s i l i c a l e v e l s c l o s e r t o the quartz s o l u b i l i t y l i n e than e i t h e r 
the grassland or bracken s i t e s , p o s s i b l y as a r e s u l t of the c h e l a t i n g 
e f f e c t of organic a c i d s . 
O v e r a l l a con^osite r e a c t i o n pathway can be proposed. I n i t i a l l y , 
f r e e l y d r a i n i n g water i s i n e q u i l i b r i u m w i t h g i b b s i t e . More slowly 
c i r c u l a t i n g water has a higher s i l i c a l e v e l and i s i n equ i 1 i b r i u m w i t h 
k a o l i n i t e . The pathway moves i n an arc from the g i b b s i t e - k a o l i n i t e 
boundary towards the top of the diagram. As the f e l s p a r s are attacked, 
they release s i l i c a and c a t i o n s , and at the l i m i t the water has a conq^osi-
t i o n close t o the quartz s o l u b i l i t y . An example of t h i s i s sp r i n g water 
emerging from deep sources, which has the longest residence time. Stream 
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water was p l o t t e d at the top of the diagrams. These diagrams have the 
advantage t h a t weathering r e a c t i o n s can be explained i n simple terms 
and that the water from the various pathways can be i d e n t i f i e d i n groups. 
9.6, Sunroary 
This chapter presented the h y d r o l o g i c a l budget and geochemical 
balance f o r the Narrator catchment, Dartmoor, f o r one year. During 
t h i s p e r i o d , approximately 1900 nm of r a i n were i n c i d e n t and r u n o f f 
was about 1480 tnn, r e s u l t i n g i n 77% ru n o f f from p r e c i p i t a t i o n . The 
geochemical balance measured a s o l u t e input of approximately 210 kg 
ha ^ a~^ and an output of about 395 kg ha a~^ (Table 9.2). Over 90% 
of the input was d e r i v e d from marine sources, r e f l e c t i n g the p r o x i m i t y 
of the catchment to the sea. The remaining 10% was from t e r r e s t r i a l 
sources. I n terms of output from the system, these p r o p o r t i o n s changed 
to approximately 70% and 30% r e s p e c t i v e l y . The loss of s i l i c a was 
p a r t i c u l a r l y high at 93 kg ha~^ a~^, comprising 24% of the t o t a l d i s s o l v e d 
load 
From the geochemical balance, chemical erosion was found to be 
116 kg ha" a" . Thi s was derived from the weathering of approximately 
330 kg ha ^ a ^ of s i l i c a t e m i nerals. Plagioclase accounted f o r most 
of t h i s t o t a l ( 7 4 % ) , orthoclase {16%) ,and b i o t i t e ( 1 0 % ) . Approximately 
150 kg ha a of k a o l i n i t e was formed of which 5 kg ha a was 
consumed to produce g i b b s i t e . 
Rates of chemical denudation were determined as 0.5 nm 1000 a"^. 
Although chemical weathering i s s t i l l a c t i v e , as e x e m p l i f i e d by the 
high loss of s i l i c a (93 kg ha*^ a""^), the r a t e of chemical denudation 
i s low. The inqjl i c a t ions of t h i s r e s u l t w i l l be discussed i n the 
conclusion (Chapter 10). 
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The i n v e s t i g a t i o n was taken a stage f u r t h e r to examine weathering 
and s o i l f o r m a t i o n . I t was found t h a t there are two weathering systems: 
one on the moorland plateau where po d z o l i s a t ion i s a c t i v e and another 
on the slopes. F i n a l l y the water chemistry along the three v e g e t a t i o n 
types was i n t e g r a t e d w i t h weathering pathways, using chemical s t a b i l i t y 
diagrams. These confirmed the r e s u l t s found e a r l i e r w i t h regard to 
the c l a y mineralogy and the two weathering systems. On the moorland 
p l a t e a u , where there are f r e e l y drained c o n d i t i o n s , g i b b s i t e i s forming 
but on the h i l l s l o p e s i l i c a t e mineral weathering i s producing k a o l i n i t e . 
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CHAPTER 10 
SYTHHESIS AND CONCLUSICN 
10,1, I n t r o d u c t i o n 
The main aim of t h i s t h e s i s was to measure the s o l u t e concentrations 
at various p o i n t s along the h y d r o l o g i c a l pathways from the atn»sphere 
to the stream and to evaluate the p r i n c i p a l c o n t r o l s on the water chemistry 
To achieve t h i s o b j e c t i v e , the i n v e s t i g a t i o n was conducted at three l e v e l s 
of complexity: p o i n t sample, h i l l s l o p e and catchment l e v e l s . This 
methodology proved successful. I t enabled the s o l u t e concentrations 
to be monitored at a s e r i e s of key p o i n t s through the system and any 
changes to be r e l a t e d to environmental c h a r a c t e r i s t i c s . Point samples 
f a c i l i t a t e d the m o n i t o r i n g of p r e c i p i t a t i o n , t h r o u g h f a l l , l i t t e r f l o w , 
i n t e r f l o w and s o i l water, spring and r i v e r chemistry. I n the case of 
i n t e r f l o w , f o r example, the weathering environment was determined by 
examining the s o i l mineralogy and n o t i n g the s t a b i l i t y of the minerals 
present. I n t h i s manner a d e t a i l e d d e s c r i p t i o n of the weathering e n v i r o n -
ment was constructed. 
The second o b j e c t i v e was to examine v a r i a t i o n s i n s o l u t e chemistry 
under three t y p i c a l Dartmoor v e g e t a t i o n types. Important d i f f e r e n c e s 
were observed. C l e a r l y i t would have been valuable to have extended 
the research to other types, i n p a r t i c u l a r the heather moorland, but 
lack of time prevented t h i s . 
The t h i r d aim was to q u a n t i f y the amount of chemical erosion o c c u r r i n g 
i n the catchment. A geochemical balance was c a l c u l a t e d which f a c i l i t a t e d 
the computation of the amount of chemical weathering and the denudation 
r a t e . T h i s balance a l s o provides a good framework w i t h i n which t o conduct 
f u r t h e r geochemical and e c o l o g i c a l s t u d i e s . For example, d e t a i l e d studies 
of the s t r u c t u r e , f u n c t i o n and dynamics of the f o r e s t e d ecosystem may 
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be made, f o l l o w i n g the noted Hubbard Brook Ecosystem Study. I n a d d i t i o n , 
the i n t a c t of any change i n land use management on the geochemistry 
of the system can be assessed, although c e r t a i n r e s e r v a t i o n s need to 
be expressed because the r e s u l t s were obtained f o r one year only. Clear 
c u t t i n g , f o r example, d i s t u r b s the chemical r e g u l a t i n g mechanisms of 
the ecosystem, causing a change i n the s o l u t e chemistry of the stream. 
With respect to the frequency of sampling, the weekly c o l l e c t i o n 
of bulk samples of p r e c i p i t a t i o n , t h r o u g h f a l l , l i t t e r f l o w and i n t e r f l o w , 
together w i t h spot sanq>les of springs and the stream provided a s a t i s f a c t o r y 
means of m o n i t o r i n g temporal s o l u t e trends. Having e s t a b l i s h e d the 
long term changes more d e t a i l e d research i s now necessary on chemical 
changes through storm events, p a r t i c u l a r l y the s o l u t e v a r i a t i o n i n i n t e r -
f l o w , s p r i n g water and the r i v e r d u r i n g f l o o d events. L a t e r , i t may 
be possible to use chemical t r a c e r s to detect the various pathways i n 
operation i n the ground and to determine the residence time of each. 
Probably the most serious problem w i t h a study of t h i s nature was 
i n handling the s u b s t a n t i a l amount of data generated. One useful c o n t r i -
b u t i o n to the p r o j e c t has been the a p p l i c a t i o n of p r i n c i p a l conponents 
a n a l y s i s as a method of synthesis. For each of the p o i n t s along the 
h y d r o l o g i c a l pathway, i n t e r c o r r e l a t e d groups of v a r i a b l e s were I d e n t i f i e d 
such as marine, weathering and b i o l o g i c a l l y d e r i v e d ions. I n p a r t i c u l a r 
the p l o t t i n g of time based data on the scattergrams was valuable as a 
method f o r v i s u a l i n t e r p r e t a t i o n . I n t h i s manner the changes i n the 
eight chemical measures monitored weekly at each s i t e were displayed. 
S p e c i f i c aspects and conclusions of each par t of the study w i l l 
be reviewed i n d e t a i l . 
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10.2. Hydrological pathways and s o l u t e chemistry 
The f i r s t aim of the i n v e s t i g a t i o n was t o measure the chemical charac-
t e r i s t i c s of water along h y d r o l o g i c a l pathways i n the Narrator catchment. 
Vfater samples from d i f f e r e n t p o i n t s along the pathways were analysed, 
namely p r e c i p i t a t i o n , t h r o u g h f a U , 1 i t t e r f l o w and i n t e r f l o w , springs 
and the r i v e r . The s o l u t e chemistry at these various p o i n t s was monitored 
more thoroughly i n t h i s i n v e s t i g a t i o n than elsewhere. I n a d d i t i o n , 
the study provided a comprehensive and more general perspective of the 
changes through the system i n terms of the chemicals analysed. To take 
the i n v e s t i g a t i o n f u r t h e r r e q u i r e s a n a l y s i s of those ions important 
i n s o i l weathering, most notably i r o n and aluminium as w e l l as the anions 
bicarbonate and sulphate. Nitrogen and phosphorus l e v e l s were monitored 
f o r s i x months, but remained n e g l i g i b l e throughout the system except 
f o r t h r o u g h f a l l and 1 i t t e r f l o w p o i n t s . I f p o s s i b l e , the r o l e of the 
organic acids should a l s o be i n v e s t i g a t e d . 
The f i r s t stage i n the h y d r o l o g i c a l pathway i n v e s t i g a t i o n was the 
atmosphere. Four b u l k p r e c i p i t a t i o n c o l l e c t o r s were set up a i the h i l l s i d e , 
but subsequent i n v e s t i g a t i o n has i n d i c a t e d that more c o l l e c t o r s should 
have been i n s t a l l e d on the high moorland. The m a j o r i t y of the ions 
i n p r e c i p i t a t i o n (93%) o r i g i n a t e d from marine sources, r e f l e c t i n g the 
p r o x i m i t y of the catchment to the sea, w h i l s t the remaining 7% were 
t e r r e s t r i a l l y d e r i v e d . Sodium, magnesium and c h l o r i d e were derived 
from the ocean, and potassium and calcium from t e r r e s t r i a l sources. 
The temporal p a t t e r n r e f l e c t e d the importance of the various sources. 
Sodium and c h l o r i d e e x h i b i t e d a w i n t e r maximum due to the large number 
of depressions passing over the area c a r r y i n g aerosols d e r i v e d from 
oceanic spray. Potassium and calcium, however, "peaked i n sumner when 
the ground was dry and dust was blown by wind. 
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T h r o u g h f a l l c o n s t i t u t e d the second set of p o i n t samples. Ions of 
b i o l o g i c a l importance increased g r e a t l y i n c o n c e n t r a t i o n . Beneath s i t k a 
spruce, f o r example, potassium increased from 0.4 to 2,2 mg 1 ^ and 
calcium from 0.3 to 1.5 mg 1 ^, These ions were e a s i l y leached from 
the leaf t i s s u e . The c h l o r i d e c o n c e n t r a t i o n increased, taking evaporation 
i n t o account, from 11.0 to 13.8 mg 1 ^, an increase of 20%, which demon-
s t r a t e s the e f f i c i e n c y of aerosol entrajsnent by s i t k a spruce. Entrapment 
by bracken was also very e f f i c i e n t and c o n t r i b u t e d an a d d i t i o n a l 11 kg 
ha ^ a ^ of c h l o r i d e . 
When water reached the ground surface on the h i l l s l o p e , i t flowed 
a short distance (1 m) along the l i t t e r l a y e r , or shallow r o o t i n g layer 
i n the case of grass, before i n f i l t r a t i n g the s o i l . Large q u a n t i t i e s 
of water, up to 36 1 ra ^ a \ were t r a n s m i t t e d i n t h i s manner. This 
l i t t e r f l o w had some of the c h a r a c t e r i s t i c s of Hortonian overland f l o w , 
notably that discharge increased downslope. The i n f i l t r a t i o n c a p a c i t y 
of grassland s o i l s (4.8 - 6.4 tim hr ^ ) was not g r e a t l y i n excess of 
t y p i c a l r a i n f a l l i n t e n s i t i e s . On the moorland p l a t e a u , s a t u r a t i o n upwards 
from the i r o n pan r e s u l t e d i n s a t u r a t i o n overland f l o w . Direct p r e c i p i t a -
t i o n onto these wet areas and flushes i n the v a l l e y bottom was h y d r o l o g i c a l l y 
important. The 1 i t t e r f l o w chemistry was moderately enriched compared 
w i t h t h r o u g h f a l l c o n c e n t r a t i o n s , w i t h potassium r i s i n g t o 19 mg 1 ^ 
and calcium to 4 mg 1 ^ i n the bracken. 
A major f i n d i n g of t h i s study was the nature and v a r i a b i l i t y of 
the i n t e r f l o w pathways. Of the twelve i n t e r f l o w m o n i t o r i n g s i t e s , r e g u l a r 
discharge occurred at only e i g h t : a l l four grassland s i t e s , one i n 
the bracken and three i n the f o r e s t . I n p a r t i c u l a r , the physical a c t i o n 
of the r o o t s seemed to d i s t u r b the s o i l p e r m e a b i l i t y c h a r a c t e r i s t i c s . 
Four types of i n t e r f l o w pathway were i d e n t i f i e d . The most important 
discharge was f l o w above the i r o n pan (180 1 m ^ hr w h i l s t on the 
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h i l l s l o p e , f l o w above the f r a g i p a n (5 1 m ^ hr S was most s i g n i f i c a n t . 
S a t u r a t i o n upwards from the f r a g i p a n and I n t e r f l o w w i t h i n an impeding 
layer were less important. 
I n t e r f l o w chemistry depended mainly on the chemistry of l i t t e r f l o w 
and the frequency and volume of discharge. IWo s i t e s are worthy of 
mention. F i r s t l y s i t e G4, s i t u a t e d at the base of the grassland was 
notable f o r the large discharge at 1 p o i n t (40 1 m ^ a M and the low 
so l u t e concentrations (e.g. sodium 4.9 mg 1 ^ and c h l o r i d e 6.8 mg 1 
Concentrations of c a t i o n s decreased w i t h depth due to adsorption by 
c l a y c o l l o i d s , f o r example potassium decreased from 5.8 mg 1 ^ at 51 cm 
depth to 1.3 mg 1 ^ at 92 cm depth. The s i l i c a c o n c e n t r a t i o n was almost 
constant at 1.7 mg 1 ^ due to p a r t i a l e q u i l i b r i u m of water w i t h the 
surrounding s o i l . Some seasonal trends were apparent w i t h the s o l u t e 
concentrations decreasing i n w i n t e r due to d i l u t i o n and r i s i n g i n sumner. 
Secondly, s i t e G2, near the top of the grass f i e l d , operated at 100 cm 
depth f o r only seven weeks. High concentrations of solutes were monitored 
as the accumulated ions were flushed out. Calcium, f o r example, was 
i n i t i a l l y 24 mg 1 ^ but d e c l i n e d to 5 mg 1 ^. I n a d d i t i o n to the s i t e s 
monitored i n t h i s experiment, moorland s i t e s r e q u i r e f u r t h e r i n v e s t i g a t i o n 
The large q u a n t i t y of water leaching through the s o i l above the i r o n 
pan i s important f o r l o c a l i s e d weathering, and f u l v i c acids derived 
from the peat may m o b i l i s e s i g n i f i c a n t amounts of aluminium and s i l i c a . 
Solute changes duri n g a storm would also need to be monitored. The 
value of studying i n t e r f l o w chemistry i s now being appreciated by other 
geomorphologists (e.g. B u r t , 1979; Burt et^ aj_, 1983). 
The hydrochemistry of the spring network was found to be very complex. 
No neat s o l u t i o n s e x i s t t o e x p l a i n t h e i r hydrology or t h e i r chemistry. 
Following Ternan {1972a,b)/Dne c o n t r i b u t i o n of t h i s study was the r e l a t i o n -
ship between spring temperature v a r i a b i l i t y and depth of source i n a 
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g r a n i t e area, shallow springs have the greatest v a r i a b i l i t y and deepest 
ones the l e a s t . However, depth of f l o w d i d not seem to a f f e c t the s o l u t e 
chemistry \«^ich depended mainly on the type of v e g e t a t i o n through ^ i c h 
the water had passed. The f o r e s t springs had higher c o n d u c t i v i t i e s 
and concentrations of sodium magnesium and c h l o r i d e as a r e s u l t of greater 
e v a p o t r a n s p i r a t i o n and enhanced atmospheric entrapment. I n a d d i t i o n , 
the study enphasised the constancy of the chemical c o n c e n t r a t i o n of the 
springs d u r i n g the year. 
The Narrator Brook e x h i b i t e d a stable f l o w regime, 95% of discharge 
being supplied by the slow movement of water through the r e g o l i t h and 5% 
by the f a s t e r movement of p r e c i p i t a t i o n d i r e c t l y onto saturated areas. 
Annual s o l u t e v a r i a t i o n was low and mainly a f u n c t i o n of the atmospheric 
i n p u t . Long term stream chemistry models emphasised the chemical s t a b i l i t y 
of the stream. This i s to be expected, since almost a l l the water passed 
through the deep r e g o l i t h , w i t h the r e s u l t that the water chemistry i s 
bu f f e r e d by the s o i l . For example desorption and adsorp t i o n processes 
maintained the l e v e l s of s i l i c a i n the stream. P r e l i m i n a r y i n d i c a t i o n s 
are that the stream water chemistry rrodel developed by Johnson et_ al_ (1969) 
f o r the Hubbard Brook, and s u c c e s s f u l l y used by Cryer (1980) at Plynlymon, 
f a i l e d t o account f o r the change i n stream chemistry because of i t s very 
st a b l e nature. This was because these two catchments had much l a r g e r 
q u i c k f l o w c o n t r i b u t i o n s : at Hubbard Brook there i s a large sncnwiielt con-
t r i b u t i o n , ^ i l s t at Plynlymon the pipe network t r a n s m i t s p r e c i p i t a t i o n 
to the stream r a p i d l y . The downstream v a r i a t i o n i n stream chemistry was 
studi e d and s o l u t e l e v e l s i n the f o r e s t were found to be higher than o u t -
side. External processes, p a r t i c u l a r l y aerosol entrapment by the f o r e s t , 
were responsible f o r the increase. When a more accurate r a t i n g curve at 
ST2 i s d e r i v e d , the amount of weathering w i t h i n and outside the f o r e s t could 
also be c a l c u l a t e d . This would enable the hypothesis that the f o r e s t 
caused increased d i s s o l u t i o n of s o i l minerals to be v e r i f i e d . The impact 
of v e g e t a t i o n on the hydrological system i s discussed below. 
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10.3. The in f l u e n c e of v e g e t a t i o n 
One of the unique aspects of t h i s i n v e s t i g a t i o n was the study of 
sol u t e chemistry of h y d r o l o g i c a l pathways w i t h i n three major v e g e t a t i o n 
types. This was f a c i l i t a t e d by the experimental design which e s t a b l i s h e d 
one transect through each of the f o l l o w i n g : grassland, bracken and 
f o r e s t . 
On an annual b a s i s , t h r o u g h f a l l beneath s i t k a spruce was more enriched 
than under bracken. However, on a monthly basis the s o l u t e concentrations 
i n bracken t h r o u g h f a l l were the highest d u r i n g October as the bracken 
died . The absolute change i n c o n c e n t r a t i o n from b u l k p r e c i p i t a t i o n 
to t h r o u g h f a l l was approximately double f o r marine-derived ions and 
four times f o r the macro-nutrients, potassium and calcium. Of p a r t i c u l a r 
note was the very low pH (3.7) i n s i t k a spruce t h r o u g h f a l l . 
Solute concentrations i n l i t t e r f l o w , i n t e r f l o w and s o i l water were 
i n the order f o r e s t > bracken > grassland. The greater depth and 
amount of n u t r i e n t s stored w i t h i n the s i t k a spruce l i t t e r ensured that 
the l i t t e r f l o w concentrations were higher than i n the bracken or grassland. 
I n t e r f l o w concentrations depended on chemical c h a r a c t e r i s t i c s of l i t t e r f l o w 
as w e l l as volume of discharge and frequency of f l u s h i n g . For example, 
the s i l i c a concentrations at the major i n t e r f l o w zones i n the f o r e s t , 
bracken and grassland were 4.7, 2.1 and 1.7 mg 1 ^ r e s p e c t i v e l y . This 
was explained i n terras of the physical i n f l u e n c e of v e g e t a t i o n on the 
pedohydrological regime and the chemical e f f e c t s of decomposing organic 
matter. I n t e r c e p t i o n losses and increased e v a p o t r a n s p i r a t i o n i n the 
f o r e s t led to increased c o n c e n t r a t i o n s , w h i l s t the s i t k a spruce needles 
provided a r i c h source of organic acids and chelates to f a c i l i t a t e the 
weathering of s o i l m i n e r a l s . The s i l i c a concentrations i n s o i l water 
i n the f o r e s t were p a r t i c u l a r l y h i g h , the l e v e l at 90 cm depth (7,6 mg 1 S 
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being s i m i l a r to many of the s p r i n g s , w h i l s t the l e v e l at 180 cm depth 
(9.2 mg l " ^ ) exceeded 19 of the 23 springs i n the network. 
Examination of the s o l u t e chemistry of the springs revealed that 
those l o c a t e d i n the f o r e s t had higher concentrations than those i n 
non-forested areas. C o n d u c t i v i t y and a l l the ions except hydrogen and 
calcium were higher i n the f o r e s t s p r i n g s , s i g n i f y i n g the impact of 
the f o r e s t on the system. This e f f e c t was a l s o noted i n the stream 
v^ere the s o l u t e concentrations at the e x i t from the f o r e s t were greater 
than at the entrance. Enhanced entrapment, greater e v a p o t r a n s p i r a t i o n 
and greater d i s s o l u t i o n of minerals i n the f o r e s t were suggested as 
explanations. The s i t k a spruce needles are e f f i c i e n t c o l l e c t o r s of 
atmospheric aerosols and there i s evidence to suggest t h a t the l e n g t h 
of perimeter r e l a t i v e t o the f o r e s t area i s important i n e x p l a i n i n g 
the increased c h l o r i d e c o n c e n t r a t i o n i n the f o r e s t e d s e c t i o n of the 
stream. 
Few researchers have stressed the r e l a t i o n s h i p between v e g e t a t i o n 
and stream solutes i n temperate regions (Marchand, 1971; Swank and 
Henderson, 1976) but t h i s study has shown that the b i o l o g i c a l , chemical 
and physical e f f e c t s of v e g e t a t i o n must not be underestimated. This 
i n v e s t i g a t i o n has several a p p l i c a t i o n s r e l a t e d to man's a c t i v i t i e s and 
v e g e t a t i o n change. 
Acid r a i n , f o r example, i s considered to have a d e t r i m e n t a l e f f e c t 
on the ecosystems of Scandinavia (S.N.S.F., 1976). Research from t h i s 
present study can c o n t r i b u t e to the discussion because the Narrator 
catchment i s s i m i l a r i n several respects t o those i n Norway, being g r a n i t i c 
and p a r t i a l l y f o r e s t e d by s i t k a spruce. Since i t i s not d i r e c t l y a f f e c t e d 
by p o l l u t i o n , i t may provide a useful c o n t r o l . Several r e s u l t s are 
of s i g n i f i c a n c e . F i r s t l y , the pH of b u l k p r e c i p i t a t i o n was low (pH 4.2) 
due to background l e v e l s of a c i d i t y i n the atmosphere. Secondly, the 
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pH of t h r o u g h f a l l and 1 i t t e r f l o w were 3.7 and 4.1 r e s p e c t i v e l y . I n 
a report by Rosenqvist (1978) on a c i d i f i c a t i o n of r i v e r water i n Norway, 
he demonstrated that the greater pa r t of the a c i d i t y i n f r e s h water 
was the r e s u l t of ion-exchange r e a c t i o n s i n raw humus i n the s o i l p r o f i l e . 
The a c i d i t y of t h r o u g h f a l l and l i t t e r f l o w could be i n v e s t i g a t e d f u r t h e r 
and i n p a r t i c u l a r , the e f f e c t s of a c i d i t y on the ecosystem could be 
examined. The moni t o r i n g of sulphate and n i t r a t e l e v e l s would be r e q u i r e d 
f o r t h i s . 
The e f f e c t s of v e g e t a t i o n cover on erosion and sediment production 
are w e l l known, but geomorphologists o f t e n ignore i t s e f f e c t s on s o l u t e s . 
Results of t h i s i n v e s t i g a t i o n have shown so l u t e concentrations i n the 
f o r e s t to be g r e a t e s t . The f i n d i n g s may also be a p p l i c a b l e to the wider 
aspects of a f f o r e s t a t i o n and c l e a r c u t t i n g and to the spread of bracken. 
The methodology could be adapted to study these problems. The importance 
of considering n u t r i e n t i m m o b i l i s a t i o n by v e g e t a t i o n was demonstrated 
by Likens et_ al_ ( 1977 ), who showed that i n an aggrading area, the annual 
a c c r e t i o n of n u t r i e n t s by the biomass accounted f o r approximately 30% 
of the t o t a l amount of chemical weathering. S i m i l a r l y , v e g e t a t i o n can 
a f f e c t the s o i l hydrology and weathering processes: f o r exanple the 
formation of k a o l i n i t e has been r e l a t e d to tree clearance by man since 
the Bronze Age (Rice, 1973). These r e s u l t s demonstrate man's impact 
and the need f o r c l o s e r study of the e f f e c t s of v e g e t a t i o n on the s o l u t e 
system, 
10.4. Rate of g r a n i t e weathering 
The f i n a l aim of the t h e s i s was to c o n t r i b u t e to the discu s s i o n on 
g r a n i t e weathering and the o r i g i n of decomposed g r a n i t e and landforms. 
Chemical weathering of g r a n i t e i s o f t e n assumed to be minimal, but 
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i n t h i s study chemical erosion amounted to 116 kg ha ^ a ^. S i l i c a 
conprised 93 kg ha'^ a'^ (80% of the l o s s ) because 70% of the g r a n i t e 
c o n s i s t s of Si02. This erosion i s the r e s u l t of the a l t e r a t i o n of 
335 kg ha ^ a ^ of primary minerals. Seventy-four per cent of the t o t a l 
mineral breakdown can be a t t r i b u t e d to the weathering of o l i g o c l a s e , 
w h i l s t orthoclase (16%) and b i o t i t e (10%) accounted f o r the remainder. 
C^artz has a very low s o l u b i l i t y and was considered to be i n e r t . H y d r o l y s i s 
was the most s i g n i f i c a n t process i n the conversion of these primary 
minerals t o k a o l i n i t e , the m a j o r i t y of the hydrogen coming from e x t e r n a l 
sources (92%) and the remainder from i n t e r n a l b i o l o g i c a l o r i g i n s . 
Chemical denudation i n the Narrator catchment was 0.5 nm 1000 a \ 
which i s comparable w i t h o l d r e s i s t a n t sedimentary rocks such as S i l u r i a n 
greywackes, mid-Wales (1.9 nm 1000 a ~ \ Oxley, 1974) and Devonian 
sandstone, Mendips (1.6 rnn 1000 a~^, Waylen, 1979). I n a d d i t i o n , the 
chemical erosion was s i m i l a r t o th a t monitored f o r g r a n i t e at Glendye, 
Aberdeen by Reid et_ al_ (1981). 
Since the Narrator catchment i s t y p i c a l of much of Dartmoor, the 
r e s u l t s of t h i s study can be a p p l i e d t o the l a r g e r area. I n a d d i t i o n , 
i t has i m p l i c a t i o n s f o r the o r i g i n of decomposed g r a n i t e . Chemical 
weathering has been found to be both a c t i v e and continuous and not merely 
an h i s t o r i c process now l a r g e l y i n a c t i v e , as suggested by some geomorpholo-
g i s t s . The depth of decomposed g r a n i t e i s such that i t must be the 
r e s u l t of chemical weathering over a long p e r i o d ; no assumptions are 
req u i r e d about the nature of the previous environments. To some extent 
the f i g u r e c a l c u l a t e d f o r the weathering r a t e may be misleading because 
there are i n d i c a t i o n s that weathering i s s t r o n g l y l o c a l i s e d by hydro-
l o g i c a l f a c t o r s . For example, high volumes of i n t e r f l o w were recorded 
on h i l l c r e s t areas, suggesting the co n c e n t r a t i o n of weathering processes 
there. These r e s u l t s agree w i t h the observations of Eden and Green (1971) 
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and Doornkamp (1974) on the l o c a l i s a t i o n of weathering i n r e l a t i o n t o 
decomposed g r a n i t e and t o r development. VNfeiters (1957 ) and Brunsden 
(1964), f o r example, have both suggested that t o r s are found i n or 
adjacent to r i v e r v a l l e y s , that i s i n high energy l o c a t i o n s . 
In order t o e x p l a i n the depth of decomposed g r a n i t e , many geomor-
p h o l o g i s t s have assumed that the a l t e r a t i o n since the Pleistocene has 
been minimal, based on the comparative freshness of feat u r e s r e s u l t i n g 
from the p e r i g l a c i a l processes. They have speculated that decomposed 
g r a n i t e was formed under warmer c o n d i t i o n s d u r i n g the T e r t i a r y p e r i o d , 
i n which weathering r a t e s would be f a s t e r . Suggestions on the p r e v a i l i n g 
c l i mate range from temperate through humid s u b - t r o p i c a l ( L i n t o n , 1955; 
Waters, 1957) to humid t r o p i c a l (Brunsden, 1964; Doornkamp, 1974), 
These studies however, d i d not have the advantage of more recent research 
i n t o r a t e s of removal or m i n e r a l o g i c a l and g r a i n size analyses. 
Reviews by Etouglas (1969, 1978) have demonstrated that mean s i l i c a 
loads i n e x t r a - t r o p i c a l r i v e r s (0.2-8.6 m^  km*^ a'M are s i m i l a r t o 
those from t r o p i c a l r i v e r s (2,3-24.7 m^  km~^ a ~ ^ ) , although the mean 
s i l i c a load from the Narrator catchment was r a t h e r lower at 0.4 m^  km"^ 
a ^. Rates of s o l u t e losses from the t r o p i c s are thus lower than was 
bel i e v e d . The great depths, up to 35 m, of deconposed g r a n i t e merely 
p o i n t t o periods of long term s t a b i 1 i t y w i t h o u t any i m p l i c a t i o n s as 
to the type of c l i m a t e . Further evidence concerns percentage c l a y and 
the r a t i o of f e l s p a r to q u a r t z . Low amounts of c l a y ( < 4 % ) and high 
r a t i o s ( 1 : 1 , t h i s study; Eden and Green, 1971) demonstrate the low degree 
of chemical weathering. I n c o n t r a s t , i n t r o p i c a l areas such as Hong 
Kong, the c l a y percentage can be as high as 55% where leaching i s not 
a c t i v e , and no f e l s p a r remains. On t h i s b a s i s , Eden and Green (1971) 
argued that the cl i m a t e under v ^ i c h decomposed g r a n i t e formed was t h e r e -
f o r e s i m i l a r to that of today. 
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Furthermore, the k a o l i n i t e - g i b b s i t e combinations found i n the catchment 
are normally associated w i t h the humid t r o p i c s and so g e n e r a l l y a t t r i b u t e d 
to the T e r t i a r y p e r i o d . However, the processes of erosion and d e p o s i t i o n 
since then w i l l have d r a s t i c a l l y changed the r e g o l i t h so that they cannot 
be r e l i c t f e a t u r e s . Rice (1973) suggests that s o i l formation was i n i t i a t e d 
i n head deposits f o l l o w i n g the p e r i g l a c i a l and that k a o H n i t e formation 
only cottmenced a t the beginning of the Bronze Age (2000 B.C.). High 
r a i n f a l l , the absence of tree cover and good drainage l e d to increased 
leaching and i n i t i a t e d i t s f o r m a t i o n . K a o l i n i t e i s s t i l l forming, but 
g i b b s i t e may occur under very f r e e l y drained c o n d i t i o n s where leaching 
i s r a p i d . 
D i f f e r e n t i a l r a t e s of weathering and e r o s i o n are e s s e n t i a l to under-
standing the o r i g i n of t o r s . L i n t o n (1955) suggested that the p r o d u c t i o n 
of a t o r involved a f i r s t stage of sub-surface weathering and a second 
stage i n which the surrounding r e g o l i t h i s removed. Deep weathering 
was thought to be most r a p i d on the h i l l s l o p e so that as v e r t i c a l and 
back weathering proceeded, t o r s emerged ( L i n t o n , 1955; Waters 1957; 
Ruxton & Berry, 1961; Eden & Green, 1971). This study a l s o noted 
d i f f e r e n t i a l r a t e s of weathering, the highest being on h i l l c r e s t s . 
Further work on the l o c a t i o n s of the greatest chemical weathering and 
the o r i g i n of decomposed g r a n i t e i s a n t i c i p a t e d . 
The emphasis of t h i s t h e s i s on the importance of v e g e t a t i o n I n s o l u t e 
hydrology and the i m p l i c a t i o n s of the r e s u l t s f o r weathering and the 
o r i g i n s of landforms serves to demonstrate the s i g n i f i c a n c e of the l i n k s 
between the d i f f e r e n t strands of physical geography. The adoption of 
the h y d r o l o g i c a l pathway approach has necessitated the i n t e g r a t i o n of 
studies on geochemical weathering w i t h those on n u t r i e n t c y c l i n g and 
ecosystems. A f u l l a p p r e c i a t i o n of the nature of s o l u t e t r a n s p o r t i n 
catchiTtents would o n l y appear to be p o s s i b l e through studies which i n c o r -
porate such breadth. 
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